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Description 
[PLASMA PROCESSING APPARATUS] 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates to a plasma processing ap- 
paratus utilizing plasma generated by microwaves. 
[0003] 2. Description of the Related Art 

[0004] | n recent years, ICs (integrated circuits) have become 

smaller and smaller and the diameter of wafers have be- 
come larger and larger, which requires formation of uni- 
form thin films having a large diameter. In particular, gate 
oxide films should be formed so as to be thin and uni- 
form, because they affect the characteristics of ICs. 
Therefore, thin films such as gate oxide films are formed 
with a plasma processing apparatus using microwaves 
(e.g., 2.45 GHz). In a plasma processing apparatus that 
uses microwaves, plasma having a high density and a low 
electron temperature can be obtained with high frequency 
microwaves. This allows the effects of thin films such as 



gate oxide films on electrical breakdown or physical 
breakdown to be suppressed. Thus, when microwaves are 
used, thin films causing little damage can be formed effi- 
ciently. However, the wavelength of the microwaves is 
about the same size as the wafer diameter, so that when 
forming uniform thin films having a large diameter using 
microwaves, the films are susceptible to the properties of 
the waves (as described below). 
[0005] Furthermore, in order to uniformly form thin films having 
a large diameter, a method is used that utilizes the ability 
of microwaves to be reflected and absorbed by plasma in 
order to makes the plasma reflect and absorb non- 
uniform microwaves. In this method, for example, a uni- 
form thin film is formed by introducing microwaves only 
from the outside of a round or cylindrical processing 
chamber to introduce non-uniform microwaves, and 
plasma is allowed to absorb the non-uniform microwaves 
in order to obtain balance. In addition, another method is 
disclosed in which an introduction window from which 
microwaves are introduce is branched, and microwaves 
are introduced uniformly to a dielectric in a processing 
apparatus in order to form thin films having a large diam- 
eter (e.g., see JP 8-316198A). 



[0006] Furthermore, in order to form uniform thin films having a 
large diameter, a slot plate for uniformly introducing mi- 
crowaves to a dielectric is used in such a plasma appara- 
tus. By using the slot plate, the microwaves become uni- 
form, and the plasma generated by the microwaves be- 
comes uniform. This uniform plasma makes it possible for 
the gas to be separated and excited uniformly so that a 
uniform thin film can be formed. For the slot plate, a thin 
metal plate is used in order to prevent protrusions that 
may be produced when forming a rectangular slot that 
serves as an introduction window for microwaves, prevent 
disturbances in the electric field strength distribution of 
the microwaves due to the thickness of the slot plate, and 
the like. In situations in which a thin metal plate is used, 
when the degree of coupling of the microwaves intro- 
duced from the thin metal plate is too large, electric 
sparks, anomalous discharges, or other problems will be 
produced. Therefore, the length of the long sides of the 
slots (hereinafter referred to as slot length) of the slot 
plate is set to be sufficiently shorter than half of the 
wavelength of the microwaves above the slot plate. 

[0007] | n situations in which microwaves are introduced to a di- 
electric from the slots of an antenna, a technique for re- 



ducing the thickness of the antenna is disclosed in order 
to increase the electric field strength of the microwaves 
introduced to a dielectric from slots having a slot length 
sufficiently shorter than a half of the wavelength of the 
microwaves propagating in the antenna (e.g., see JP 
2002-50615A). 

[0008] | n the plasma processing apparatus, a dielectric or the like 
that is a region in which microwaves for generating 
plasma propagation is formed in a cylindrical or a round 
shape that matches the shape of a sample (e.g., silicon 
wafer). For this reason, as shown in Fig. 46, the mi- 
crowaves are reflected from a wall surface 14 in the cylin- 
drical propagation region in a direction in which the mi- 
crowaves gather or are distributed. This is because the 
wave properties of the microwaves are dominant. Fig. 47 
is the electric field strength distribution of the microwaves 
in the cylindrical propagation region, showing that the 
electric field strength distribution of the microwaves non- 
uniform^ concentrates on the central portion in the cylin- 
drical region. Therefore, the microwaves that are non- 
uniform in the cylindrical propagation region result in a 
non-uniform plasma, and a thin film is formed by this 
non-uniform plasma. This makes it difficult to form a uni- 



form thin film. Moreover, as the diameter of the wafer is 
increased, the propagation region of the microwaves that 
generate plasma is increased, so that the concentration of 
the electric field strength distribution of the microwaves 
becomes significant, which makes it more difficult to gen- 
erate a uniform plasma. 

[0009] Furthermore, in the aforementioned method in which the 
non-uniform microwaves are uniformalized by a plasma 
absorption, it is difficult to maintain a balance between 
changes in the process conditions such as the flow rate 
and the composition ratio of gas, the pressure, and the 
sample temperature. Therefore, it is necessary to set the 
process conditions in accordance with the processing pro- 
cedure, and difficult to maintain microwave uniformity. In 
addition, the process margins are small, that is, for exam- 
ple, even a small change in conditions caused by, for ex- 
ample, maintenance can change the process conditions. 

[0010] | n t he method disclosed in JP 8-316198A, microwaves are 
introduced to a dielectric inside one processing chamber 
via a plurality of introduction windows, and therefore the 
microwaves introduced from each introduction window in- 
terfere with each other and become non-uniform. Such 
non-uniform microwaves generates a non-uniform 



plasma, which makes it difficult to perform uniform pro- 
cessing with respect to a sample surface because gas 
molecules are excited and activated by the non-uniform 
plasma. 

[° 011 ] In the method of uniformly introducing microwaves in a 
plasma apparatus to a dielectric with a slot plate, a thin 
slot plate or antenna that is formed with metal is used, 
and therefore heat generated during plasma generation is 
easily dissipated, so that the temperature in the plasma 
apparatus is increased and the slot plate is deformed by 
heat, resulting in distortion. Thus, a change in the charac- 
teristics such as a change in the transmission of the mi- 
crowaves and deterioration of the uniformity of the mi- 
crowaves will be caused by the slots. 

[0012] Furthermore, there is an additional problem with respect 
to the recent demand for the miniaturization of ICs and an 
increase in the diameter of wafers. It is difficult to perform 
uniform processes with respect to a sample when per- 
forming processes such as film-formation, etching, ash- 
ing, sputtering, or cleaning in a conventional gas supply 
system. For example, when performing a film formation 
process or the like, a processing gas is introduced from a 
gas introduction portion to a processing chamber. At this 



point, microwaves enter the gas introduction portion from 
the processing chamber, and anomalous discharge or ab- 
normal growth of films occurs in the gas introduction 
portion. Furthermore, since the gas introduction portion is 
formed by providing openings in the processing chamber, 
the microwaves in the processing chamber become non- 
uniform because of the non-uniform supply of gas, re- 
sulting in non-uniform plasma. This makes it difficult to 
perform uniform processing with respect to a sample. 
Summary of Invention 

[0013] it is an object of the present invention to provide a plasma 
processing apparatus that can perform uniform process- 
ing with respect to a surface of a sample to be processed. 

[0014] | t j S another object of the present invention to provide a 
plasma processing apparatus that can increase process 
margins. 

[0015] it is yet another object of the present invention to provide 
a plasma processing apparatus having a slot plate that 
prevents the characteristics of the microwaves from being 
changed while reducing heat deformation distortion 
caused by heat. 

[0016] it is yet another object of the present invention to provide 
a plasma generating apparatus that can uniformly intro- 



duce gas. 

[0017] it j S y e t another object of the present invention to provide 
a plasma generating apparatus that can prevent the oc- 
currence of anomalous discharge or abnormal growth of 
films. 

[0018] | n order to achieve the aforementioned objects, a first as- 
pect of the present invention is a plasma processing ap- 
paratus for performing plasma processing with respect to 
a sample in a reaction vessel, comprising: 

[0019] microwave generating means that generate microwaves; 

[0020] a fj rs t dielectric that is connected to the microwave gener- 
ating means, the first dielectric having a rectangular sec- 
tion that extends along the surface of the sample to be 
processed, and which makes an electric field strength dis- 
tribution of the microwaves generated from the mi- 
crowave generating means substantially uniform along the 
surface of the sample to be processed; 

[0021] a s | 0 t plate that is provided between the reaction vessel 
and the first dielectric and having a plurality of first slots 
formed therein, the slot plate maintaining or further en- 
hancing the uniformity of the electric field strength distri- 
bution of the microwaves in the first dielectric; 

[0022] a second dielectric that is provided between the slot plate 



and the reaction vessel and which retains or further en- 
hances the uniformity of the electric field strength distri- 
bution of the microwaves supplied from the slot plate; and 
[0023] processing means that processes the sample using 
plasma generated in the reaction vessel by the mi- 
crowaves. 

[0024] | n t his plasma processing apparatus, a section of the first 
dielectric in which microwaves propagate is rectangular, 
and thus the electric field strength distribution of the mi- 
crowaves is substantially uniform as a whole along the 
surface of the sample to be processed (hereinafter re- 
ferred to as simply uniform), and a uniform plasma will be 
generated. Thus, gas molecules excited and activated by 
this plasma allow uniform thin film formation or etching. 
Furthermore, even if process conditions such as the flow 
rate or the composition ratio of the gas are changed or 
the process conditions are changed by maintenance or the 
like, it will be rare for the electric field strength distribu- 
tion of the microwaves to concentrate in a particular por- 
tion because the region in which the microwaves propa- 
gate is rectangular. Therefore, process margins can be in- 
creased. 

[0025] a second aspect of the present invention is the plasma 



processing apparatus of the first aspect, wherein a section 
of the second dielectric that extends along the surface of 
the sample to be processed is rectangular. The mi- 
crowaves can be easily made uniform by forming the sec- 
ond dielectric into a rectangular shape. 

[0026] a third aspect of the present invention is the plasma pro- 
cessing apparatus of the first aspect, wherein a section of 
the reaction vessel that extends along the surface of the 
sample to be processed is formed into a rectangular 
shape. The electric field strength distribution of the mi- 
crowaves introduced from the second dielectric and prop- 
agating in the reaction vessel without being absorbed by 
the plasma can be made uniform by forming the reaction 
vessel into a rectangular shape. Thus, disturbances in the 
plasma due to non-uniform microwaves can be reduced. 

[0027] a fourth aspect of the present invention is the plasma 

processing apparatus of the first aspect, wherein the mi- 
crowave generating means include an antenna in which a 
section thereof that extends along the surface of the sam- 
ple to be processed is rectangular, and the antenna is in 
contact with the first dielectric. When a rectangular an- 
tenna is used, a large amount of power will not be con- 
centrated on one point, and thus changes in characteris- 



tics such as heat generation or anomalous discharge will 
rarely occur and stable attachment can be achieved. 

[0028] a fifth aspect of the present invention is the plasma pro- 
cessing apparatus of the first aspect, wherein the first 
slots have substantially the same size and the same shape 
and are arranged in substantially the same direction, and 
the distance between the centers of adjacent first slots 
substantially satisfies Equation 1 below. 

[0029] Equation 1 

[0030] l = n X 

1 Ll 1 

[0031] where X i : wavelength of microwaves in the first dielectric, 
and 

[0032] n ^ : an integer of 1 or more. 

[0033] when microwaves having a wavelength X i in the first di- 
electric are introduced to the second dielectric from the 
first slots whose centers are separated from each other by 
distance of a multiple of X^ microwaves loss can be mini- 
mized and the excitation of uniform plasma can be 
achieved because the phases of the microwaves in the 
second dielectric are matched to each other with respect 
to the central positions of the first slots. 

[0034] a sixth aspect of the present invention is the plasma pro- 



cessing apparatus of the first aspect, wherein the first 
slots have substantially the same size and the same 
shape, and are arranged in a linearly symmetrical manner 
with respect to either one of the axes that extend along 
the slot plate and orthogonal to each other, and the dis- 
tance l_ 2 between the centers of adjacent first slots sub- 
stantially satisfies Equation 2 below. 
[0035] Equation 2 

[0036] L = n (X 12) 
2 L2 V r 

[0037] where A i : wavelength of microwaves in the first dielectric, 
and 

[0038] n ^ : an integer of 1 or more 

[0039] the fifth aspect, microwaves loss can be minimized, 
and the excitation of a uniform plasma can be achieved. 
Furthermore, the mounting density of the first slots can 
be increased. 

[0040] a seventh aspect of the present invention is the plasma 
processing apparatus of the first aspect, wherein two op- 
posing sides of the first dielectric are parallel in a direc- 
tion that extends along the surface of the sample to be 
processed, and the distance L between the two oppos- 

dl 

ing sides of the first dielectric substantially satisfies Equa- 



tion 3 below. 
[0041] Equation 3 

[0042] l = n (X 12) 
dl dl V 

[0043] where A i : wavelength of microwaves in the first dielectric, 
and 

[0044] n ■ an integer of 1 or more. 

dl 

[0045] with this configuration, the standing wave condition of 
the microwaves is satisfied, and the microwaves in the 
first dielectric are stabilized, in the direction in the first 
dielectric that extends along the surface of the sample to 
be processed. Therefore, wave cancellation due to multi- 
ple reflection at the wall faces of the microwave propaga- 
tion region can be reduced, and a uniform plasma can be 
efficiently generated. 

[0046] An eighth aspect of the present invention is the plasma 
processing apparatus of the second aspect, wherein two 
opposing sides of the second dielectric are parallel in a 
direction that extends along the surface of the sample to 
be processed, and the distance L between the two op- 

d2 

posing sides of the second dielectric substantially satisfies 
Equation 4 below. 
[00 47 ] Equation 4 



[0048] L = n (X 12) 

d2 d2 v 2' 

[0049] where A 2 : wavelength of microwaves in the second di- 
electric, and 
[0050] n : an integer of 1 or more. 

d2 

[0051] with this configuration, like that of the seventh aspect, the 
microwaves in the second dielectric are stabilized, and a 
uniform plasma can be generated. 

[0052] a ninth aspect of the present invention is the plasma pro- 
cessing apparatus of the seventh or the eighth aspect, 
wherein the dielectric constant of the first dielectric is 
substantially the same as that of the second dielectric. 
When the dielectric constants are substantially the same, 
the lengths of the first dielectric and the second dielectric 
can be matched to each other in the direction that ex- 
tends along the surface of the sample to be processed, so 
that a more practical design can be achieved. 

[0053] a tenth aspect of the present invention is the plasma pro- 
cessing apparatus of the third aspect, wherein two oppos- 
ing sides of the reaction vessel are parallel in a direction 
that extends along the surface of the sample to be pro- 
cessed, and the length L of the two opposing sides of 
pi 

the reaction vessel substantially satisfies Equation 5 be- 



low. 

[° 054 ] Equation 5 
[0055] l = n ( /2) 

pi pi Xp 

[0056] where A : wavelength of microwaves in the reaction ves- 
p 

sel, and 

[0057] n ^ ■ an integer of 1 or more. 

[0058] with this configuration, like that of the seventh aspect, the 
microwaves in the reaction vessel are stabilized, and a 
uniform plasma can be generated. 

[0059] An eleventh aspect of the present invention is the plasma 
processing apparatus of the second aspect, wherein two 
opposing sides of an introduction surface that is in con- 
tact with the first dielectric of the microwave generating 
means are parallel, a plurality of second slots through 
which the microwaves are introduced from the microwave 
generating means to the first dielectric are provided in the 
introduction surface, the central positions of the second 
slots are alternately arranged on two axes along the two 
opposing sides of the introduction surface, and the dis- 
tance l_ 5 between the two axes substantially satisfies 
Equation 6 below. 

[0060] Equation 6 



[0061] L = n (X 12) 

5 L5 1 

[0062] where A i : wavelength of microwaves in the first dielectric, 
and 

[0063] n ^ : an integer of 1 or more. 

[0064] with this configuration, the distance between the central 

positions of the second slots in the introduction surface of 
the microwave generating means and the wavelength of 
the microwaves in the first dielectric can be matched to 
each other, and the degree of coupling can be increased. 
Thus, interference such as the canceling of the mi- 
crowaves introduced to the dielectric via the second slots 
on the axes can be reduced, the microwaves can be easily 
made uniform, and a uniform plasma can be generated. 

[0065] Furthermore, when the axes are linearly symmetrical with 
respect to the central axis that extends in the direction of 
the sides of the introduction surface, the degree of cou- 
pling between the microwaves introduced from the second 
slots and the microwaves in the first dielectric is about the 
same, and thus the microwaves can be easily made uni- 
form. 

[0066] Furthermore, it is preferable to set the width of the mi- 
crowave generating means in a direction orthogonal to the 



axes so as to be substantially equal to the distance l_ 5 be- 
tween the axes. By setting the width as above, the de- 
gree of coupling between the microwaves introduced from 
the introduction portion and the microwaves in the first 
dielectric can be increased. 
[0067] a twelfth aspect of the present invention is the plasma 

processing apparatus of the eleventh aspect, wherein the 
distance L in the axial direction between the centers of 

4 

the second slots that are alternately arranged on the two 
axes substantially satisfies Equation 7 below. 
[0068] Equation 7 

[0069] l = n ( 12) 
4 L4 v xr ' 

[0070] where X i : wavelength of microwaves in the first dielectric, 
and 

[0071] n ^ : an integer of 1 or more. 

[0072] with this configuration, the phases and the degrees of 
coupling of the microwaves introduced from the second 
slots alternately arranged on the two axes to the first di- 
electric can be matched to each other. 

[0073] a thirteenth aspect of the present invention is the plasma 
processing apparatus of the eleventh or the twelfth as- 
pect, wherein the distance Dl between the end faces that 



extend along the two opposing sides of the introduction 
surface of the first dielectric and the two axes substan- 
tially satisfies Equation 8 below. 
[00 74 ] Equation 8 

[0075] Dl = n (1/4)X 

Dl 1 

[0076] where A i : wavelength of microwaves in the first dielectric, 
and 

[0077] n ■ an integer of 1 or more. 

Dl a 

[0078] with this configuration, the coupled portion of the first di- 
electric and the microwave generating means can have a 
relationship opposite to choke, and thus a higher degree 
of coupling therebetween can be obtained. Thus, the mi- 
crowaves can be easily made uniform. 

[0079] a fourteenth aspect of the present invention is the plasma 
processing apparatus of the first aspect, wherein the 
thickness of the slot plate is 1 mm or more. A slot plate 
having a thickness of at least 1 mm makes it possible to 
improve the rigidity thereof and to dissipate heat pro- 
duced during plasma generation, and to prevent the char- 
acteristics thereof from being changed by heat deforma- 
tion or the like. In addition, the concentration of an elec- 
tric field in the first slots in the slot plate is reduced, so 



that problems such as electric sparks or anomalous dis- 
charge can be reduced. 

[0080] a fifteenth aspect of the present invention is the plasma 
processing apparatus of the fourteenth aspect, wherein 
the thickness of the slot plate is 3 mm or more. A slot 
plate having a thickness of at least 3 mm makes it possi- 
ble to further improve the heat dissipation characteristics 
and the stiffness thereof, so that more stable device char- 
acteristics can be obtained. 

[0081] a sixteenth aspect of the present invention is the plasma 
processing apparatus of the fourteenth or the fifteenth 
aspect, in which the first slots of the slot plate are rectan- 
gular, and the length l_ 7 of the longer sides of the first 
slots substantially satisfies Equation 9 below. 

[0082] Equation 9 

[0083] L 7 >(3/8)X i 

[0084] where A i : wavelength of microwaves in the first dielectric. 

[0085] with this configuration, even if the thickness of the slot 
plate is large, dampening of the microwaves by the first 
slots can be prevented, and the degree of coupling be- 
tween the microwaves in the first dielectric that have 
passed through the slot plate and the microwaves in the 



second dielectric can be improved. 
[0086] a seventeenth aspect of the present invention is the 

plasma processing apparatus of the sixteenth aspect, 

wherein the length l_ 7 of the longer sides of the first slots 

substantially satisfies Equation 10 below. 
[0087] Equation 10 

[0088] L > (i/2)X i 

[0089] where A i : wavelength of microwaves introduced to the 
slot plate. 

[0090] with this configuration, even if the thickness of the slot 
plate is large, dampening of the microwaves by the first 
slots can be prevented, and the transmission characteris- 
tics of the microwaves can be improved. Therefore, the 
degree of coupling between the microwaves in the first 
dielectric that have passed through the slot plate and the 
microwaves in the second dielectric can be further im- 
proved. 

[0091] An eighteenth aspect of the present invention is the 

plasma processing apparatus of the seventeenth aspect, 
wherein the length l_ 7 of the longer sides of the first slots 
substantially satisfies Equation 11 below. 

[0092] Equation 11 



[0093] L = (1/2) X 
7 1 

[0094] where X i : wavelength of microwaves introduced to the 
slot plate. 

[0095] with this configuration, the length of the longer sides of 
the first slots become substantially the resonance length 
of the wavelength of the microwaves introduced to the 
slot plate. Therefore, even if the length of the shorter 
sides of the first slots is small, a higher degree of cou- 
pling can be obtained without disturbing the distribution 
of the microwaves while efficiently increasing the trans- 
mission of the microwaves. Moreover, it is more prefer- 
able that the distance between adjacent first slots in 
the longer side direction of the first slots substantially 
satisfies the equation = X^ because the phases of the 
microwaves introduced from each of the first slots to the 
second dielectric are matched to those from other first 
slots. 

[0096] a nineteenth aspect of the present invention is a plasma 
processing apparatus for performing plasma processing 
with respect to a sample in a reaction vessel, comprising: 

[0097] microwave generating means that generate microwaves; 

[0098] a fj rs t dielectric that is connected to the microwave gener- 



ating means, the first dielectric having a section that is a 
rectangular shape in which two opposing sides thereof are 
parallel to each other, and extends along a surface of a 
sample to be processed and makes the electric field 
strength distribution of the microwaves generated from 
the microwave generating means substantially uniform 
along the surface of the sample to be processed of the 
sample; and 

[0099] processing means that processes the sample using 
plasma generated in the reaction vessel by the mi- 
crowaves. 

[0100] The distance L between the two opposing sides of the 

dll 

first dielectric in a direction that extends along the surface 
of the sample to be processed substantially satisfies 
Equation 12 below. 
[0101] Equation 12 

[0102] l = n (X 12) 
dii dir r ' 

[0103] where A i : wavelength of microwaves in the first dielectric, 
and 

[0104] n : an integer of 1 or more. 

dll 3 

[0105] | n the above-described plasma processing apparatus, a 
section of the first dielectric in which the microwaves 



propagate is rectangular and two opposing sides thereof 
are parallel to each other, the length thereof is set as 
above, and wave cancellation due to multiple reflection at 
the end faces of the first dielectric is reduced. Therefore, 
the electric field strength distribution of the microwaves 
can become substantially uniform (hereinafter referred to 
as simply uniform) as a whole along the surface of the 
sample to be processed , and a uniform plasma is gener- 
ated. Thus, gas molecules excited and activated by this 
plasma allow uniform thin film formation or etching. Fur- 
thermore, even if process conditions such as the flow rate 
or the composition ratio of the gas are changed or the 
process conditions are changed by maintenance or the 
like, the electric field strength distribution of the mi- 
crowaves will rarely concentrate on a particular portion. 
Therefore, process margins can be increased. 
[0106] a twentieth aspect of the present invention is the plasma 
processing apparatus of the nineteenth aspect, further 
comprising: 

[0107] a s | ot p | ate t hat is provided between the reaction vessel 
and the first dielectric and in which at least one slot is 
formed, the slot plate maintaining or further enhancing 
the uniformity of the electric field strength distribution of 



the microwaves in the first dielectric; 

[0108] anc | a second dielectric that is provided between the slot 
plate and the reaction vessel, the second dielectric having 
a section that is a rectangular shape in which two oppos- 
ing sides are parallel to each other, extends along a sur- 
face of a sample to be processed, and maintains or further 
enhances the uniformity of the electric field strength dis- 
tribution of the microwaves supplied from the slot plate. 

[0109] The distance L^ 2 between the two opposing sides of the 
second dielectric in a direction that extends along the 
surface of the sample to be processed substantially satis- 
fies Equation 13 below. 

[0 11 °] Equation 13 

[0111] L = n (X 12) 

622 622 2 

[0112] where X 2 : wavelength of microwaves in the second di- 
electric, and 
[° 1 1 3 ] n : an integer of 1 or more. 

622 

[0114] The second dielectric having the length L^ 2 as above pro- 
vides the same effect as that of the nineteenth aspect. 
Moreover, the microwaves also are made uniform by the 
slot plate. 

[0115] A twenty-first aspect of the present invention is the 



plasma processing apparatus of the nineteenth or twenti- 
eth aspect, wherein a section of the reaction vessel is a 
rectangular shape that extends along a surface of the 
sample to be processed and in which two opposing sides 
of the reaction vessel are parallel to each other, and the 
length L of the two opposing sides of the reaction vessel 
substantially satisfies Equation 14 below. 
[0116] Equation 14 

[0117] L = n (X 12) 

[0118] where X : wavelength of microwaves in the reaction ves- 
p 

sel, and 

[° 1 1 9 ] n : an integer of 1 or more. 

p2 

[0120] with this configuration, the effects of the multiple reflec- 
tions of the microwaves in the reaction vessel on the 
plasma can be reduced, and thus plasma can be gener- 
ated efficiently. 

[0121] a twenty-second aspect of the present invention is the 
plasma processing apparatus of the twentieth aspect, 
wherein the dielectric constant of the first dielectric is 
substantially the same as that of the second dielectric. 
When the dielectric constants are the same, a more practi- 
cal design can be achieved because the lengths of the first 



dielectric and the second dielectric in the direction along 
the surface of the sample to be processed can be matched 
to each other. 

[0122] a twenty-third aspect of the present invention is the 
plasma processing apparatus of the twentieth aspect, 
wherein the wavelength X i of the microwave in the first 
dielectric and the wavelength X 2 of the microwave in the 
second dielectric substantially satisfy Equation 15 below. 

[0123] Equation 15 

[0124] xj2 = m(l/2) A 

[0125] where A i : wavelength of the microwaves in the first di- 
electric, 

[0126] \ 2 : wavelength of the microwaves in the second dielec- 
tric, and 

[0127] m : an integer of 1 or more. 

[0128] with this configuration, the phases of the microwaves 

propagating in the dielectrics are substantially matched to 
each other, and the microwaves can be prevented from in- 
terfering and being dampened, and thus a uniform plasma 
can be generated. 

[0129] a twenty-fourth aspect of the present invention is the 
plasma processing apparatus of the twentieth aspect, 



wherein the wavelength A i of the microwave in the first 
dielectric, the wavelength A 2 of the microwave in the sec- 
ond dielectric and the wavelength A of the microwave in 

p 

the reaction vessel substantially satisfy Equations 16 and 
17 below. 
[0130] Equation 16 

[0131] \J2 = m(l/2)X 2 

[0132] Equation 17 

[0133] \j2 = k(l/2) A 

[0134] where : wavelength of the microwaves in the first di- 
electric, 

[0135] \ 2 : wavelength of the microwaves in the second dielec- 
tric, 

[0136] \ : wavelength of the microwaves in the reaction vessel, 
p 

and 

[0137] m, k : an integer of 1 or more. 

[0138] The phases of the microwaves in the first dielectric, the 
second dielectric and the reaction vessel are substantially 
matched to each other, and the same effect as that of the 
twenty-third aspect can be obtained. 

[0139] a twenty-fifth aspect of the present invention is a plasma 



processing apparatus for performing plasma processing 
with respect to a sample in a reaction vessel, comprising: 
[0140] microwave generating means for generating microwaves; 

[0141] a dielectric that is connected to the microwave generating 
means, is formed into a plate-like shape that extends 
along a surface of the sample to be processed, and makes 
an electric field strength distribution of the microwaves 
generated from the microwave generating means sub- 
stantially uniform along the surface of the sample to be 
processed; and 

[0142] processing means that processes the sample using 
plasma generated in the reaction vessel by the mi- 
crowaves. 

[0143] a plurality of introduction portions through which the mi- 
crowaves are introduced from the microwave generating 
means to the dielectric are provided in a surface that is in 
contact with the dielectric of the microwave generating 
means (hereinafter, referred to as the introduction sur- 
face), the central positions of the introduction portions 
are arranged on a plurality of axes on the introduction 
surface that extend in the same direction, and antinodes 
or nodes of the microwaves in the dielectric are positioned 
at each position of the axes. 



[0144] with this configuration, the phases of the microwaves in 
the dielectrics can be matched to each other with respect 
to the central positions of the introduction portions in the 
introduction surface of the microwave generating means. 
Thus, interference such as the canceling of the mi- 
crowaves introduced to the dielectric via the introduction 
portions on the axes can be reduced, and the microwaves 
can be easily made uniform (uniform in the following de- 
scription refers to substantially uniform along the surface 
of a sample to be processed), and a uniform plasma can 
be generated. In addition, the degree of coupling between 
the microwaves introduced from the introduction portions 
on the axes to the dielectric and the microwaves in the di- 
electric can be increased. 

[0145] a twenty-sixth aspect of the present invention is the 

plasma processing apparatus of the twenty-fifth aspect, 
wherein the dielectric is formed such that the cross- 
section thereof that extends along the surface of the sam- 
ple to be processed is rectangular, and the distance L 

8 

between the axes substantially satisfies Equation 18 be- 
low. 

[0 14 6] Equation 18 
[0147] L = n (X 12) 

8 L8 1 



[0148] where A i : wavelength of the microwaves in the dielectric, 
and 

[0149] n : an integer of 1 or more. 

[0150] when the cross-section of the dielectric in which the mi- 
crowaves propagate is rectangular as described above, the 
electric field strength distribution of the microwaves can 
become substantially uniform as a whole along the sur- 
face of the sample to be processed, and a uniform plasma 
will be generated. Thus, gas molecules excited and acti- 
vated by this plasma allow uniform thin film formation or 
etching. Furthermore, even if process conditions such as 
the flow rate or the composition ratio of the gas are 
changed or the process conditions are changed by main- 
tenance or the like, the electric field strength distribution 
of the microwaves will rarely concentrate on a particular 
portion because the region in which the microwaves prop- 
agate is rectangular. Therefore, process margins can be 
increased. 

[0151] a twenty- seventh aspect of the present invention is the 
plasma processing apparatus of the twenty-sixth aspect, 
wherein the dielectric is formed such that a section 
thereof that extends along the surface of the sample to be 
processed is rectangular or square, and the axes extend 



in a direction along two opposing sides of the dielectric. 
With this configuration, the microwaves in the dielectric 
can be more uniform. 

[0152] a twenty-eighth aspect of the present invention is the 
plasma processing apparatus of the twenty-seventh as- 
pect, wherein the introduction surface is formed into a 
rectangular or square shape, and the axes are linearly 
symmetrical with respect to the central axis that extends 
toward the sides of the introduction surface. 

[0153] with this configuration, the degree of coupling between 

the microwaves introduced from the introduction portions 
and the microwaves in the dielectric can be about the 
same, which facilitates uniform microwaves. 

[° 154 ] In addition, it is preferable that the width W of the mi- 

b 

crowave generating means in the direction orthogonal to 
the axes is set so as to be substantially equal to L . By 

8 

setting the width w" as above, the degree of coupling be- 

b 

tween the microwaves introduced from the introduction 
portions and the microwaves in the dielectric can be in- 
creased. 

[0155] a twenty-ninth aspect of the present invention is the 

plasma processing apparatus of the twenty-ninth aspect, 
wherein the distance D2 between an end face of the di- 



electric and the axes substantially satisfies Equation 19 
below. 
[° 156 ] Equation 19 

[0157] D2 = n (1/4) 

D2 V XI 

[0158] where A i : wavelength of the microwaves in the dielectric, 
and 

[° 159 ] n : an integer of 1 or more. 

D2 a 

[0160] with this configuration, the coupled portion of the dielec- 
tric and the microwave generating means can have a rela- 
tionship opposite to choke, so that a higher degree of 
coupling therebetween can be obtained. Thus, the mi- 
crowaves can be easily made uniform. 

[0161] a thirtieth aspect of the present invention is the plasma 

processing apparatus of the twenty-fifth aspect, wherein a 
section of the dielectric that extends along the surface of 
the sample to be processed is rectangular, the introduc- 
tion portions are alternately arranged on the two axes, 
and the distance L in the axial direction between the cen- 

9 

ters of the introduction portions alternately arranged on 
the two axes substantially satisfies Equation 20 below. 
[0162] Equation 20 

[0163] L = n (X 12) 

9 L9 1 



[0164] where A i : wavelength of the microwaves in the dielectric, 
and 

[0165] n : an integer of 1 or more. 

[0166] with this configuration, the phases of the microwaves in- 
troduced from the introduction portions arranged alter- 
nately on the two axes to the dielectric are matched to 
each other, which facilitates uniform microwaves. 

[0167] a thirty-first aspect of the present invention is the plasma 
processing apparatus of the twenty-sixth aspect, wherein 
an H-branched waveguide is further provided between the 
microwave generating means and the dielectric, and the 
introduction surface is divided into at least two. By using 
the branched waveguide as above, microwaves can be 
supplied uniformly to even a large processing apparatus. 

[0168] a thirty-second aspect of the present invention is the 
plasma processing apparatus of the thirty-first aspect, 
wherein when the microwaves introduced from each of the 
at least two divided introduction surfaces to the dielectric 
have a phase that is identical to the other introduction 
surfaces, the distance between the introduction por- 
tions in adjacent introduction planes substantially satisfies 
Equation 21 below. 

[0 1 69] Equation 21 



[0170] L = 2n (X 12) 

10 L10 1 

[0171] where X i : wavelength of the microwaves in the dielectric, 
and 

[° 172 ] n : an integer of 1 or more 

L10 a 

[0173] with this configuration, the phases of the microwaves in 
the dielectric are matched with respect to the introduction 
surfaces, so that interference such as wave cancellation 
can be reduced. 

[0174] a thirty-third aspect of the present invention is the 

plasma processing apparatus of the thirty-first aspect, 
wherein when the microwaves introduced from each of the 
at least two divided introduction surfaces to the dielectric 
have opposite phases, the distance between the intro- 
duction portions in adjacent introduction surfaces sub- 
stantially satisfies Equation 22 below. 

[0 17 5] Equation 22 

[0176] l = (2n +1)(X 12) 

10 L10 1 

[0177] where X i : wavelength of the microwaves in the dielectric, 
and 

[0178] n : an integer of 1 or more 

L10 3 

[0179] The same effect as that of the thirty-third aspect can be 



obtained. 

[0180] a thirty-fourth aspect of the present invention is the 

plasma processing apparatus of the twenty-sixth aspect, 
wherein an E-branched waveguide is further provided be- 
tween the microwave generating means and the dielectric, 
and the introduction surface is divided into at least two. 
The same effect as that of the thirty-second aspect can be 
obtained. 

[0181] a thirty-fifth aspect of the present invention is the plasma 
processing apparatus of the thirty-fourth aspect, wherein 
when the microwaves introduced from each of the at least 
two divided introduction surfaces to the dielectric have 
identical phases, the distance L between the introduc- 
tion portions in adjacent introduction surfaces substan- 
tially satisfies Equation 23 below. 

[0182] Equation 23 

[0183] l = (2n +1)(X 12) 
10 v lio /v r ' 

[0184] where A : wavelength of the microwaves in the dielectric, 

and 

[0185] n : an integer of 1 or more 

L10 3 

[0186] The same effect as that of the thirty-second aspect can be 
obtained. 



[0187] a thirty-sixth aspect of the present invention is the 

plasma processing apparatus of the thirty-fourth aspect, 
wherein when the microwaves introduced from each of the 
at least two divided introduction surfaces to the dielectric 
have opposite phases, the distance L between the intro- 
duction portions in adjacent introduction surfaces sub- 
stantially satisfies Equation 24 below. 

[0 1 88] Equation 24 

[0189] l = 2n (X 12) 

10 L10 1 

[0190] where A i : wavelength of the microwaves in the dielectric, 
and 

[° 191 ] n : an integer of 1 or more. 

L10 3 

[0192] The same effect as that of the thirty-second aspect can be 
obtained. 

[0193] a thirty-seventh aspect of the present invention is a 

plasma processing apparatus for performing plasma pro- 
cessing with respect to a sample in a reaction vessel, 
comprising: 

[0194] microwave generating means for generating microwaves; 

[0195] a s | 0 t plate that is provided between the microwave gen- 
erating means and the reaction vessel and in which a plu- 
rality of slots are formed, and that makes the electric field 



strength distribution of the microwaves generated from 
the microwave generating means substantially uniform 
along the surface of the sample to be processed; 

[0196] a fj rs t dielectric that is provided between the slot plate 
and the reaction vessel, and maintains or further en- 
hances the uniformity of the electric field strength distri- 
bution of the microwaves supplied from the slot plate; and 

[0197] processing means that processes the sample using 
plasma generated in the reaction vessel by the mi- 
crowaves. 

[0198] The thickness of the slot plate is 1 mm or more. When the 
thickness of the slot plate is 1 mm or more, the stiffness 
thereof as well as the ability thereof to dissipate heat pro- 
duced during plasma generation can be improved, and 
thus the microwaves introduced from the slots will be re- 
duced and problems such as electric sparks or anomalous 
discharge can be reduced, which it turn makes it easy to 
keep the microwaves substantially uniform along the sur- 
face of the sample to be processed. Hereinafter, the mi- 
crowaves whose electric field strength distribution is sub- 
stantially uniform will be referred to as uniform mi- 
crowaves. In addition, uniform in the following description 
means substantially uniform in the direction along the 



surface of the sample to be processed. 

[0199] a thirty-eighth aspect of the present invention is the 

plasma processing apparatus of the thirty-seventh aspect, 
wherein a second dielectric is further provided between 
the microwave generating means and the slot plate. 9The 
second dielectric, the slot plate, and the first dielectric re- 
duce the non-uniform microwaves, which facilitates uni- 
form microwaves. 

[0200] a thirty-ninth aspect of the present invention is the 

plasma processing apparatus of the thirty-seventh aspect, 
wherein the thickness of the slot plate is 3 mm or more. A 
slot plate having a thickness of 3 mm or more can further 
improve the heat dissipation characteristics and the stiff- 
ness thereof. 

[0201] a fortieth aspect of the present invention is the plasma 
processing apparatus of the thirty-seventh aspect, 
wherein the slots of the slot plate are rectangular, and the 
length L of the longer sides of the slot substantially sat- 
isfies Equation 25 below. 

[0202] Equation 25 

[0203] l >(3/8)X 

11 A 

[0204] where : wavelength of the microwaves introduced to the 



slot plate. 

[0205] with this configuration, even if the thickness of the slot 
plate is large, dampening of the microwaves by the slots 
can be prevented, and the degree of coupling between the 
microwaves that have passed through the slot plate and 
the microwaves in the first dielectric can be improved. 

[0206] a forty-first aspect of the present invention is the plasma 
processing apparatus of the fortieth aspect, wherein the 
length L of the longer sides of the slot substantially sat- 
isfies Equation 26 below. 

[0207] Equation 26 

[0208] |_ > (i/2) X 

11 A 

[0209] where X : wavelength of the microwaves introduced to 

A 

the slot plate. 

[0210] with this configuration, even if the thickness of the slot 
plate is large, dampening of the microwaves by the slot 
can be prevented, and the transmission characteristics of 
the microwaves can be improved. Therefore, the degree of 
coupling between the microwaves that have passed 
through the slot plate and the microwaves in the first di- 
electric can be improved. 

[021 1] a forty-second aspect of the present invention is the 



plasma processing apparatus of the forty-first aspect, 
wherein the length L of the longer side of the slot sub- 
stantially satisfies Equation 27 below. 
[° 212 ] Equation 27 

[0213] l =(1/2) A 

11 A 

[0214] where A : wavelength of the microwaves introduced to 

A 

the slot plate. 

[0215] with this configuration, the length of the longer sides of 
the slots will be substantially the resonance length of the 
wavelength of the microwaves introduced to the slot plate. 
Therefore, even if the length of the shorter sides is small, 
a higher degree of coupling can be obtained without dis- 
turbing the distribution of the microwaves while increas- 
ing the transmission of the microwaves. Moreover, it is 
more preferable that the distance L between the centers 
of adjacent slots of the longer sides of the slots satisfies 
substantially the equation = X^, because the phases of 
the microwave introduced from each slot to the first di- 
electric will be matched to each other. 

[0216] a forty-third aspect of the present invention is the plasma 
processing apparatus of the thirty-eighth aspect, wherein 
sections of the first dielectric and the second dielectric 



that extend along the surface of the sample to be pro- 
cessed are rectangular. 

[0217] when sections of the first dielectric and the second di- 
electric along the surface of the sample to be processed 
are rectangular, the electric field strength distribution of 
the microwaves can become substantially uniform as a 
whole along the surface of the sample to be processed, 
and a uniform plasma will be generated by the uniform 
microwaves. Thus, gas molecules excited and activated by 
this plasma allow uniform thin film formation. Further- 
more, even if process conditions such as the flow rate or 
the composition ratio of the gas are changed or the pro- 
cess conditions are changed by maintenance or the like, 
the electric field strength distribution of the microwaves 
will rarely concentrate on a particular portion because the 
region in which the microwaves propagate is rectangular. 
Therefore, process margins can be increased. 

[0218] a forty-fourth aspect of the present invention is the 

plasma processing apparatus of the forty-third aspect, 
wherein the slots have substantially the same size and the 
same shape and are arranged in substantially the same 
direction, and the distance L between the centers of ad- 

13 

jacent slots substantially satisfies Equation 28 below. 



[0219] Equation 28 
[0220] l =n X 

13 L13 2 

[0221] where X 2 : wavelength of the microwaves in the second di- 
electric, and 
[0222] n : an integer of 1 or more. 

L13 3 

[0223] when microwaves having a wavelength X 2 in the second 
dielectric are introduced to the first dielectric from the 
rectangular slots whose centers are separated from each 
other by a distance of a multiple of X 2 and which have the 
same size and are arranged in the same direction, the 
phases of the microwaves will be matched in the central 
positions of the slots in the first dielectric. Therefore, the 
degree of coupling between the microwaves introduced to 
the first dielectric and the microwaves propagating in the 
first dielectric can be increased. 

[0224] a forty-fifth aspect of the present invention is the plasma 
processing apparatus of the forty-third aspect, in which 
the slots have substantially the same size and the same 
shape and are arranged in a linearly symmetrical manner 
with respect to either one of the axes that are along the 
slot plate and orthogonal to each other, and the distance L 
between the centers of adjacent slots substantially satis- 



fies Equation 29 below. 
[0225] Equation 29 

[0226] L = n (X 12) 

14 L14 2 

[0227] where A 2 : wavelength of the microwaves in the second di- 
electric, and 
[0228] n : an integer of 1 or more. 

L14 a 

[0229] the forty-fifth aspect, the degree of coupling between 
the microwaves introduced to the first dielectric and the 
microwaves that propagate in the first dielectric can be 
increased, and moreover the mounting density of the slots 
can be increased. 

[0230] a forty-sixth aspect of the present invention is a plasma 
processing apparatus comprising: 

[0231] microwave generating means; 

[0232] a reaction vessel that is connected to the microwave gen- 
erating means and in which a plasma is generated by mi- 
crowaves generated from the microwave generating 
means; 

[0233] an introduction channel through which a gas is supplied 

to the reaction vessel; and 
[0234] a t least one nozzle connecting the reaction vessel and the 

introduction channel. 



[0235] The transmission T of the microwaves from the reaction 
vessel to the nozzle substantially satisfies Equation 30 
below. 

[0236] Equation 30 




[0238] where Lg^ the length of the nozzle in the direction that 
the gas therein travels, 



[0239] a ^ : the outer diameter of the nozzle in the direction per- 
pendicular to the direction that the gas therein travels, 
and 

[0240] X: wavelength of the microwaves in the reaction vessel. 

[0241] when the gas introduction nozzle is designed such that 
the transmission T satisfies Equation 30, the microwaves 
are prevented from entering the introduction portion. 
Therefore, problems such as the occurrence of anomalous 
discharge or abnormal growth of films in the introduction 
portion can be reduced, and uniform gas supply can be 
achieved (uniform in the following description refers to 
substantially uniform). 

[0242] a forty-seventh aspect of the present invention is the 



plasma processing apparatus of the forty-sixth aspect, 
wherein the ratio of the conductance C i of a gas in the 
nozzle and the conductance of a gas in the introduc- 
tion channel substantially satisfies Equation 31 below. 
[0243] Equation 31 



[0244] 




[0245] where X is the number of the nozzles connected to the in- 
troduction channel. 

[0246] when the ratio of the conductance of gas in the introduc- 
tion channel and the nozzle is equal to at least the num- 
ber of nozzles connected to the introduction channel, 
substantially uniform gas can be supplied from the intro- 
duction channel to the reaction vessel via the nozzles. 

[0247] a forty-eighth aspect of the present invention is the 

plasma processing apparatus of the forty-seventh aspect, 
wherein the transmission T is 1% or less. When a mi- 
crowave blocking structure is achieved in which the trans- 



mission T of the microwaves introduced from the reaction 
vessel via the nozzles is 1% or less, anomalous discharge 
or abnormal growth of films can be further reduced. 

[0248] a fourth-ninth aspect of the present invention is the 

plasma processing apparatus of the forty-sixth aspect, 
further comprising: 

[0249] a fj rs t dielectric that is connected to the microwave gener- 
ating means, the first dielectric having a section that ex- 
tends along a surface of the sample to be processed that 
is rectangular, and that makes an electric field strength 
distribution of the microwaves generated from the mi- 
crowave generating means substantially uniform along the 
surface of the sample to be subjected to plasma process- 
ing in the reaction vessel; and 

[0250] processing means that processes the sample using the 
plasma. 

[° 251 ] Since the first dielectric is rectangular, the electric field 

strength distribution of the microwaves can become sub- 
stantially uniform as a whole along the surface of the 
sample to be processed. Therefore, a uniform plasma is 
generated by the uniform microwaves, and gas molecules 
excited and activated by this plasma allow uniform thin 
film formation or etching. Furthermore, even if process 



conditions such as the flow rate or the composition ratio 
of the gas are changed or the process conditions are 
changed by maintenance or the like, the electric field 
strength distribution of the microwaves will rarely con- 
centrate on a particular portion because the region in 
which the microwaves propagate is rectangular. There- 
fore, process margins can be increased. 
[0252] a fiftieth aspect of the present invention is the plasma 

processing apparatus of the fortieth aspect, further com- 
prising: 

[0253] a s | 0 t plate that is provided below the first dielectric and 
in which at least one slot is formed, and that retains or 
further enhances the uniformity of the electric field 
strength distribution of the microwaves in the first dielec- 
tric; and 

[0254] a second dielectric having a rectangular section that ex- 
tends along a surface of the sample to be processed, is 
provided between the slot plate and the reaction vessel, 
and which maintains or further enhances the uniformity of 
the electric field strength distribution of the microwaves 
supplied from the slot plate. 

[0255] since the second dielectric is rectangular, plasma can be 
generated more uniformly. The first dielectric, the slot 



plate and the second dielectric increase uniformity, so 
that the uniformity of the microwaves can be easily main- 
tained. 

Brief Description of Drawings 

[0256] pig. 1 is an external view of a plasma oxidizing and nitrid- 
ing apparatus according to a first embodiment of the 
present invention; 

[0257] pig. 2 is a cross-sectional view of the apparatus of Fig. 1 
in a direction perpendicular to the surface of a sample to 
be processed taken along A-A' of Fig. 1; 

[0258] Fig. 3 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 1; 

[0259] Fig. 4 is a diagram showing the direction in which mi- 
crowaves travel to and from a vertical wall surface; 

[0260] Fig. 5 shows an electric field strength distribution of mi- 
crowaves in a rectangular propagation region; 

[0261] Fig. 6 shows the wavelength of microwaves in a rectangu- 
lar antenna dielectric; 

[0262] Fig. 7 shows the external appearance of a plasma oxidiz- 
ing and nitriding apparatus according to a second embod- 
iment of the present invention; 

[0263] Fig. 8 is a cross-sectional view of the apparatus of Fig. 7 
in a direction perpendicular to the surface of a sample to 



be processed taken along line B-B' of Fig. 7; 

[0264] pig. 9 is a view showing the relationship between the rect- 
angular waveguide and the wavelength of microwaves at 
the cross-section shown in Fig. 8; 

[0265] pig. 10 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus according to a third em- 
bodiment of the present invention; 

[0266] Fig. 11 is a cross-sectional view of the apparatus of Fig. 
10 in a direction perpendicular to the surface of a sample 
to be processed taken along line C-C of Fig. 10; 

[0267] Fig. 12 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
10; 

[0268] Fig. 13A shows a slot shape (1) of a slot plate, and Fig. 
13B shows a slot shape (2) of a slot plate; 

[0269] Fig. 14 is a graph showing the relationship between the 
thickness t of a round slot plate and the distortion cause 
by heat deformation; 

[0270] Fig. 15 is a graph showing the relationship between the 
thickness t of each of three round slot plates having slots 
with different slot lengths and transmissivity; 

[0271] Fig. 16 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus according to a fourth em- 



bodiment of the present invention; 

[0272] pig. 17 is a cross-sectional view of the apparatus of Fig. 
16 in a direction perpendicular to the surface of a sample 
to be processed taken along D-D 1 of Fig 16; 

[0273] pig. 18A is an exploded perspective view of the internal 
structure of a gas introduction portion of the plasma oxi- 
dizing and nitriding apparatus shown in Fig. 16, and Fig. 
18B is a cross-sectional view taken along X-X' of Fig. 18A; 

[0274] Fig. 19 shows the external appearance of the plasma oxi- 
dizing and nitriding apparatus of a fifth embodiment of 
the present invention; 

[0275] Fig. 20 shows a cross-section of the apparatus of Fig. 19 
taken along line E-E' of Fig. 19 and perpendicular to the X 
axis of Fig. 19; 

[0276] Fig. 21 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
19; 

[0277] Fig. 22 shows the slot shape of an H-plane slot antenna; 

[0278] Fig. 23A shows the slot shape (1) of a rectangular slot 

plate, and Fig. 23B shows the slot shape (2) of a rectangu- 
lar slot plate; 

[0279] Fig 24A is a diagram showing the relationship between 

the slots shown in Fig. 23A and the wavelength of the mi- 



crowaves propagating in an antenna dielectric in the X and 
Y directions, and Fig. 24B is a diagram showing the rela- 
tionship between the slots shown in Fig. 23B and the 
wavelength of the microwaves propagating in a rectangu- 
lar antenna dielectric in the X and Y directions; 

[0280] pig. 25 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus of a sixth embodiment of 
the present invention; 

[0281] pig. 26 shows a cross-section of the apparatus of Fig. 25 
taken along line E-E' of Fig. 25 and perpendicular to the X 
axis in Fig. 25; 

[0282] Fig. 27 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
25; 

[0283] Fig. 28 shows the slot shape of an H-plane slot antenna; 

[0284] Fig. 29 is a diagram showing the relationship between the 
portions of the plasma oxidizing and nitriding apparatus 
shown in Fig. 26 and the wavelength of the microwaves in 
the microwave propagation regions; 

[0285] Fig. 30 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus according to a seventh em- 
bodiment of the present invention; 

[0286] Fig. 31 shows a cross-section of the apparatus of Fig. 30 



taken along line E-E' of Fig. 30 and perpendicular to the X 
axis in Fig. 30; 

[0287] pig. 32 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
30; 

[0288] pig. 33 shows the slot shape of an H-plane slot antenna; 

[0289] Fig. 34A shows the relationship between the position of 
the slots 630d and the wavelength of the microwaves in 
the H-plane slot antenna 630 of the plasma oxidizing and 
nitriding apparatus of Fig. 30; 

[0290] Fig. 34B shows the relationship of the wavelength of the 
microwaves between the H-plane slot antenna and the 
rectangular antenna dielectric in the section perpendicular 
to the Y direction of the plasma oxidizing and nitriding 
apparatus of Fig. 30; 

[0291] Fig. 35A is a diagram showing arrangement (1) of the 

slots 630d in the two H-plane slot antennas, and Fig. 35B 
is a diagram showing arrangement (2) of the slots 630d in 
the two H-plane slot antennas; 

[0292] Fig. 36 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus according to a eighth em- 
bodiment of the present invention; 

[0293] Fig. 37 is a cross-section of the apparatus of Fig. 36 taken 



along line E-E' of Fig. 36 and perpendicular to the X axis 
in Fig. 36; 

[0294] pig. 38 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
36; 

[0295] pig. 39 shows the slot shape of an H-plane slot antenna; 

[0296] Fig. 40 is a perspective view of a rectangular slot plate 
736 having a plurality of slots 736a; 

[0297] Fig. 41 shows the external appearance of a plasma oxi- 
dizing and nitriding apparatus according to a ninth em- 
bodiment of the present invention; 

[0298] Fig. 42 is a cross-section of the apparatus of Fig. 41 taken 
along line E-E' of Fig. 41 and perpendicular to the X axis 
in Fig. 41; 

[0299] Fig. 43 is an exploded perspective view of portions of the 
plasma oxidizing and nitriding apparatus shown in Fig. 
41; 

[0300] Fig. 44 shows the slot shape of an H-plane slot antenna; 

[0301] Fig. 45 is a cross-sectional view of the portions shown in 
Fig. 42; 

[0302] Fig. 46 is a diagram showing the direction in which mi- 
crowaves travel to and from a cylindrical wall surface; and 



[0303] pig. 47 shows an electric field strength distribution of mi- 
crowaves in a cylindrical propagation region. 
Detailed Description 

[0304] DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0305] plasma processing apparatus 

[0306] The plasma processing apparatus has a microwave gener- 
ator, a processing chamber and a microwave propagation 
region above the processing chamber, and the following 
processes are performed. 

[0307] The microwaves generated by the microwave generator 
propagate in the microwave propagation region, and an 
electric field is formed in the processing chamber with a 
gas atmosphere. This electric field and the gas generate a 
plasma, and using a chemical species generated by the 
plasma, processes such as film formation, etching, and 
gas-phase cleaning are performed with respect to a sam- 
ple in the processing chamber. 

[0308] Examples of such a plasma processing apparatus utilizing 
plasma include apparatuses performing oxidation and ni- 
triding with plasma (hereinafter referred to as plasma oxi- 
dizing and nitriding apparatus), plasma CVD (chemical va- 
por deposition) apparatuses, plasma etching apparatuses, 



plasma ashing apparatuses, plasma cleaning apparatuses, 
and plasma annealing apparatuses. 

[0309] Hereinafter, the plasma processing apparatus of the 

present invention will be described by using a plasma oxi- 
dizing and nitriding apparatus as an example. 

[0310] pi rst Embodiment 

[° 31 1 ] Fig. 1 is a view showing the external appearance of a 
plasma oxidizing and nitriding apparatus of a first em- 
bodiment. Fig. 2 is a cross-sectional view of the apparatus 
of Fig. 1 in a direction perpendicular to the surface of a 
sample to be processed and taken along line A-A' of Fig. 
1. Fig. 3 is an exploded perspective view of portions of 
the plasma oxidizing and nitriding apparatus shown in 
Fig. 1. 

[0312] The plasma oxidizing and nitriding apparatus of the first 
embodiment has a microwave generator 1, a rectangular 
waveguide 2 and a chamber 4. The chamber 4 is provided 
with a gas inlet port 5 from which a gas such as a film- 
forming gas is introduced, and a gas outlet port 6 from 
which the gas is discharged. The chamber 4 also has a 
chamber lid having a rectangular shape (hereinafter, re- 
ferred to as rectangular chamber lid) 4a and a processing 
chamber having a cylindrical shape (hereinafter, referred 



to as round processing chamber) 4b. The round process- 
ing chamber 4b is provided with a sample platform 11 on 
which a sample 12 is processed in a position opposite to 
the rectangular chamber lid 4a. A gas introduction portion 
10 through which a gas such as film-forming gas is sup- 
plied from the gas inlet port 5 to the round processing 
chamber 4b is provided in the side face of the round pro- 
cessing chamber 4b. The rectangular chamber lid 4a in- 
cludes a rectangular dielectric 15 whose cross-section 
along the surface of the sample 12 to be processed is 
rectangular (hereinafter, referred to as rectangular an- 
tenna dielectric), a slot plate 17 and a sealing dielectric 19 
arranged in this order and which cover the round process- 
ing chamber 4b from above. The rectangular waveguide 2 
and the microwave generator 1 connected to the rectan- 
gular waveguide 2 are provided above the chamber 4. 

[0313] | n p| ace 0 f the rectangular waveguide 2, a slot antenna, a 
coaxial antenna or other antennas can be provided. 

[0314] The rectangular antenna dielectric 15 is a dielectric for 
making the electric field strength distribution of mi- 
crowaves inside thereof substantially uniform in the direc- 
tion along the surface of the sample 12 to be processed 
(hereinafter, the phrase microwaves whose electric field 



strength distribution is substantially uniform are referred 
to as uniform microwaves. In addition, the term uniform 
in the following description means substantially uniform 
in the direction along the surface of the sample 12 to be 
processed.) In the slot plate 17 below the rectangular an- 
tenna dielectric 15, uniform microwaves are introduced 
uniformly to the sealing dielectric 19 via slots 17a. Fur- 
thermore, the slot plate 17 separates the rectangular an- 
tenna dielectric 15 from the plasma in the round process- 
ing chamber 4b and prevents the plasma from interfering 
with the microwaves. The sealing dielectric 19 is a dielec- 
tric for isolating the round processing chamber 4b (which 
has a vacuum) from the air. When the cross-section of the 
sealing dielectric 19 taken along the surface of the sample 
12 to be processed is rectangular, the electric field 
strength distribution of the microwaves easily can be 
made more uniform. 
[0315] For the above dielectrics, substances that causes little di- 
electric loss such as quartz, fluorocarbon resin, polyethy- 
lene, and polystyrene are preferable. The dielectric in- 
cludes those in which the dielectric constant is 1, such as 
vacuum, air and gas, and also includes those in which at 
least a part of the surface of the dielectric is covered with 



a conductor. The slot plate can be formed of a plate of 
metal such as Cu or Al. In this plasma oxidizing and ni- 
triding apparatus, the film formation process is per- 
formed, for example, in the following manner. 

[0316] First, the round processing chamber 4b is evacuated 

through the gas outlet port 6 to a predetermined degree 
of vacuum, and a gas is introduced to the round process- 
ing chamber 4b through the gas inlet port 5 and the gas 
introduction portion 10. Next, the microwaves generated 
by the microwave generator 1 are introduced to the rect- 
angular antenna dielectric 15 via the rectangular waveg- 
uide 2 to make the electric field strength distribution 
thereof uniform. The microwaves that have been made 
uniform by the rectangular antenna dielectric 15 are in- 
troduced to the sealing dielectric 19 while the uniformity 
is retained or even enhanced by the slot plate 17. The 
sealing dielectric 19 introduces the introduced mi- 
crowaves to the round processing chamber 4b while re- 
taining or even enhancing their uniformity. A plasma gen- 
erated by the introduced microwaves excites and activates 
gas molecules, and generates a chemical species so that a 
thin film is formed on the surface of the sample 12. 

[0317] | n this plasma oxidizing and nitriding apparatus, the re- 



gion in which the microwaves propagate in the direction 
along the surface of the sample 12 to be processed, that 
is, the cross-section along the surface of the sample 12 to 
be processed of the rectangular antenna dielectric region 
15 is rectangular. Therefore, as shown in Fig. 4, the mi- 
crowaves are reflected in the mirror direction of the direc- 
tion from which they are incident at a wall surface 16 per- 
pendicular to their traveling direction. Fig. 5 is the electric 
field strength distribution of the microwaves in such a 
propagation region having a rectangular cross-section. 
Fig. 5 shows an electric field strength distribution that is 
uniform as a whole, in which the microwaves reflected at 
the wall surface 16 perpendicular to their traveling direc- 
tion are not concentrated on the center. 
[0318] Therefore, when the cross-section along the surface of 

the sample 12 to be processed of the rectangular antenna 
dielectric 15 of the plasma oxidizing and nitriding appa- 
ratus is rectangular, the electric field strength distribution 
of the microwaves becomes uniform as a whole along the 
surface to be processed of the sample. The uniform mi- 
crowaves generate plasma uniformly so that a uniform 
thin film can be formed. In addition, even if process con- 
ditions such as the flow rate or the composition ratio of 



the gas are changed or the process conditions are 
changed by maintenance or the like, the electric field 
strength distribution of the microwaves will rarely con- 
centrate on a particular portion, because the region in 
which the microwaves propagate is rectangular. There- 
fore, process margins can be increased. 
[0319] | n Fig. 3, the two opposing sides of the cross-section 

along the surface of the sample 12 to be processed of the 
rectangular antenna dielectric 15 are parallel, and the 
same directions as those of two pairs of two opposing and 
parallel sides are taken as X direction and Y direction, and 
the direction perpendicular to the X and Y directions is 
taken as Z direction. In this situation, it is preferable to 
set the length in the rectangular antenna dielectric 15 as 
follows. Fig. 6 is a view illustrating the wavelength of the 
microwaves in the Y direction of the rectangular antenna 
dielectric 15. 

[0320] | n this situation, the length L in the Y direction of the 

a 15Y 

rectangular antenna dielectric 15 is set so as to substan- 
tially satisfy Equation 32 below. 
[0321] Equation 32 

[0322] l n (X 12) 

15Y = 15Y 15 



[0323] where X is the wavelength of the microwaves in the rect- 
angular antenna dielectric 15, and n^ is an integer of 1 
or more. 

[0324] Similarly, the length in the X direction of the rectan- 
gular antenna dielectric 15 can be set so as to substan- 
tially satisfy Equation 33 below. 

[0325] Equation 33 

[0326] l =n (X 12) 

15X 15X 15 

[0327] where n is an integer of 1 or more. 

15X 3 

[0328] jhe wavelength X ig of the microwaves in the rectangular 
antenna dielectric 15 in Equations 32 and 33 is substan- 
tially the same wavelength in all the directions such as the 
X and Y directions when the lengths of the rectangular an- 
tenna dielectric 15 in the X and Y directions are suffi- 
ciently larger than the wavelength X , and expressed by 
Equation 34 below. 

[0329] Equation 34 



[0331] where X= free space wavelength, and X = dielectric 
constant of the rectangular antenna dielectric 15. 

[0332] For the design in the rectangular antenna dielectric 15, 

the lengths in the X and/or Y directions are set by consid- 
ering the components in the propagating direction of the 
microwaves in the rectangular antenna dielectric 15. Fur- 
thermore, it is preferable to set the length in the Z direc- 
tion in the same manner. 

[0333] The standing wave condition of the microwaves is satis- 
fied by setting the lengths of the rectangular antenna di- 
electric 15 in the X and/or Y directions to be a multiple of 
the half-wavelength in the rectangular antenna dielectric 
15, so that the microwaves in the rectangular antenna di- 
electric 15 can be stabilized. Therefore, wave cancellation 
due to multiple reflection at the end faces of the rectan- 
gular antenna dielectric 15 is reduced, and a uniform 
plasma can be generated efficiently. For this reason, the 
electric field strength distribution of the microwaves can 
be uniform as a whole along the surface of the sample 12 
to be processed. These uniform microwaves generate 
plasma uniformly, so that a uniform thin film can be 
formed with this plasma. In addition, even if process con- 
ditions such as the flow rate or the composition ratio of 



the gas are changed or the process conditions are varied 
by maintenance or the like, the electric field strength dis- 
tribution of the microwaves will rarely concentrate on a 
particular portion, because the region in which the mi- 
crowaves propagate has a rectangular shape in which two 
opposing sides are parallel, and the lengths in the Y di- 
rection and/or X direction satisfy the standing wave con- 
dition. Therefore, process margins can be increased. 
[0334] Second Embodiment 

[0335] pig. 7 is a view showing the appearance of a plasma oxi- 
dizing and nitriding apparatus of a second embodiment. 
Fig. 8 is a cross-sectional view of the apparatus of Fig. 7 
in a direction perpendicular to the surface of a sample to 
be processed taken along line B-B' of Fig. 7. Fig. 9 is a 
view illustrating the relationship between a rectangular 
waveguide and the wavelength of the microwaves in a 
round dielectric in the cross-section in Fig. 8. 

[0336] The plasma oxidizing and nitriding apparatus of the sec- 
ond embodiment has a microwave generator 101, a rect- 
angular waveguide 102 provided with two branched por- 
tions 102a and 102b and a chamber 104. The chamber 
104 is provided with a gas inlet port 105 from which a gas 
such as a film-forming gas is introduced, and a gas outlet 



port 106 from which the gas is discharged. The chamber 
104 also has a chamber lid having a cylindrical shape 
(hereinafter, referred to as round chamber lid) 104a and a 
processing chamber having a cylindrical shape 
(hereinafter, referred to as round processing chamber) 
104b. The round processing chamber 104b is provided 
with a sample platform 11 on which a sample 12 is pro- 
cessed in a position opposite to the round chamber lid 
104a. A gas introduction portion 110 through which a gas 
such as film-forming gas is supplied from the gas inlet 
port 105 to the round processing chamber 104b is pro- 
vided in the side face of the round processing chamber 
104b. The round chamber lid 104a is provided with a di- 
electric whose cross-section along the surface of the 
sample 12 to be processed is round (hereinafter, referred 
to as round dielectric) 107 so as to cover the round pro- 
cessing chamber 104b from above. The rectangular 
waveguide 102 and the microwave generator 101 con- 
nected to the rectangular waveguide 102 are provided 
above the chamber 104. 
[0337] The relationship between the positions of the branched 
portions 102a and 102b and the wavelength of the mi- 
crowaves in the round dielectric 107 is set as follows. 



[0338] As shown in Fig. 9, the distance L between an axis Al 
a 102 

and an axis A2 on which the centers of the branched por- 
tions 102a and 102b are positioned, respectively, is set or 
the material of the round dielectric 107 is selected such 
that the phases of the microwaves in the round dielectric 
107 in the positions on the axes Al and A2 are matched 
to each other. In other words, the distance L is set ac- 

102 

cording to Equation 35 so as to satisfy a multiple of the 
half-wavelength of the microwaves in the round dielectric 
107. 

[0339] Equation 35 

[0340] l =n x (X 12) 

102 L102 107 

[0341] where X is the wavelength of the microwave in the 

107 3 
round dielectric 107, and n is an integer of 1 or more. 

L102 * 

[0342] Thus, it is preferable that the distance is set such that the 
antinodes or the nodes of the microwaves in the round di- 
electric 107 are positioned on the axes Al and A2, be- 
cause the degree of coupling between the microwaves in- 
troduced from the branched portions 102a and 102b po- 
sitioned on the axes Al and A2, respectively, to the round 
dielectric 107 and the microwaves in the round dielectric 
107 can be further increased. Thus, by setting the posi- 



tions of the axes Al and A2 in this manner, the phases of 
the microwaves in the round dielectric 107 can be 
matched to each other between the branched portions 
102a and 102b shown in Fig. 8. Therefore, interference 
such as the cancellation of the microwaves introduced 
from the branched portions 102a and 102b positioned on 
the axes to the round dielectric 107 can be reduced, and 
the microwaves can be made substantially uniform in the 
direction along the surface of the sample 12 to be pro- 
cessed (hereinafter, the microwaves whose electric field 
strength distribution is substantially uniform are referred 
to as uniform microwaves. In addition, uniform in the fol- 
lowing description means substantially uniform in the di- 
rection along the surface of the sample 12 to be pro- 
cessed.) For this reason, the uniform microwaves generate 
plasma uniformly, and a uniform thin film can be formed 
with gas molecules that are excited and activated by this 
plasma. 

[0343] | n p| ace 0 f the rectangular waveguide 102, a slot antenna 
or other antennas can be provided. 

[0344] For the above dielectrics, substances that causes little di- 
electric loss such as quartz, fluorocarbon resin, polyethy- 
lene, and polystyrene are preferable. The dielectric in- 



eludes those in which the dielectric constant is 1, such as 
vacuum, air and gas, and also includes those in which at 
least a part of the surface of the dielectric is covered with 
a conductor. In this plasma oxidizing and nitriding appa- 
ratus, the film formation process is performed, for exam- 
ple, in the following manner. 

[0345] First, the round processing chamber 104b is evacuated 
through the gas outlet port 106 to a predetermined de- 
gree of vacuum, and a gas is introduced to the round pro- 
cessing chamber 104b through the gas inlet port 105 and 
the gas introduction portion 110. Next, the microwaves 
generated by the microwave generator 101 are introduced 
to the round dielectric 107 via the branched portions 
102a and 102b of the rectangular waveguide 102, and the 
electric field strength distribution thereof is made uni- 
form. The microwaves are introduced to the round pro- 
cessing chamber 104b to generate a plasma. The gener- 
ated plasma excites and activates gas molecules and gen- 
erates a chemical species so that a thin film is formed on 
the surface of the sample 12. 

[0346] | n this embodiment, the round dielectric 107 is used as 
the dielectric. However, when a dielectric is used whose 
cross-section along the surface of the sample 12 to be 



processed is rectangular, an electric field strength distri- 
bution that is uniform as a whole can be obtained in which 
the microwaves reflected at the wall surface perpendicular 
to their traveling direction of the microwaves are not con- 
centrated on the center. These uniform microwaves make 
it possible to generate a uniform plasma and thus form a 
uniform thin film. In addition, even if process conditions 
such as the flow rate or the composition ratio of the gas 
are changed or the process conditions are changed by 
maintenance or the like, the electric field strength distri- 
bution of the microwaves will rarely concentrate on a par- 
ticular portion, because the region in which the mi- 
crowaves propagate is rectangular. Thus, process margins 
such as the flow rate or the composition rate of the gas 
can be increased. 

[0347] The material of the round dielectric 107 is selected such 
that the phase of the microwaves in the rectangular 
waveguide 102 is substantially matched to the phase of 
the microwaves in the round dielectric 107. The shape or 
the structure of the rectangular waveguide 102 can be 
changed such that their phases are matched. 

[0348] it is preferable that the setting is such that the position of 
the antinodes or the nodes of the microwaves in the rect- 



angular waveguide 102 is matched to the position of the 
antinodes or the nodes of the microwaves in the round di- 
electric 107, because the microwaves in the rectangular 
waveguide 102 and the round dielectric 107 are prevented 
from interfering with each other. With this setting, the mi- 
crowaves in the rectangular waveguide 102 and the round 
dielectric 107 can satisfy the standing wave condition at 
the same time. Therefore, the microwaves propagating in 
the respective propagation regions interfere less with each 
other, leading to reduced disturbance of the standing 
wave condition. Thus, dampening of microwaves is sup- 
pressed, and a uniform distribution of microwaves is 
formed so that a uniform thin film can be produced by a 
uniform plasma. 

[0349] | n this embodiment, the rectangular waveguide 102 that is 
branched into two has been used as an example. How- 
ever, it can be branched into more than two. When the 
rectangular waveguide 102 is branched into more than 
two, the distance between the axes Al, A2, A3,... on 
which the centers of the branched portions 102a, 102b, 
102c..., for example, are positioned is set in the same 
manner as described above. In other words, the distance 
between the axes Al and A2, the distance between the 



axes A2 and A3, the distance between the axes Al and 
A3, etc. are set so as to be substantially a multiple of the 
half-wavelength of the microwave in the round dielectric 
107. 

[0350] Third Embodiment 

[0351] pig. 10 is a view showing the appearance of a plasma oxi- 
dizing and nitriding apparatus of a third embodiment. Fig. 
11 is a cross-sectional view of the apparatus of Fig. 10 in 
a direction perpendicular to the surface of a sample to be 
processed taken along line C-C of Fig. 10. Fig. 12 is an 
exploded perspective view of portions of the plasma oxi- 
dizing and nitriding apparatus shown in Fig. 10. Figs. 13A 
and 13B show the slot shape of a slot plate. 

[0352] The plasma oxidizing and nitriding apparatus of the third 
embodiment has a microwave generator 201, a waveguide 
202 and a chamber 204. The chamber 204 is provided 
with a gas inlet port 205 from which a gas such as a film- 
forming gas is introduced, and a gas outlet port 206. The 
chamber 204 also has a chamber lid having a cylindrical 
shape (hereinafter, referred to as round chamber lid) 204a 
and a processing chamber having a cylindrical shape 
(hereinafter, referred to as round processing chamber) 
204b. The round processing chamber 204b is provided 



with a sample platform 11 on which a sample 12 is pro- 
cessed in a position opposite to the round chamber lid 
204a. A gas introduction portion 210 through which a gas 
such as film-forming gas is supplied from the gas inlet 
port 205 to the round processing chamber 204b is pro- 
vided in the side face of the round processing chamber 
204b. The round chamber lid 204a includes a resonator 
207, a cylindrical slot plate (round slot plate) 208, and a 
cylindrical sealing dielectric (hereinafter referred to as 
round sealing dielectric) 209 in this order so that they 
cover the round processing chamber 204b from above. 
The round slot plate 208 is provided with radially ar- 
ranged rectangular slots 208a, as shown in Fig. 13A. The 
length w^of the short side of each slot 208a is sufficiently 
shorter than the length L^of each of the longer sides. Fur- 
thermore, a radial line slot antenna as shown in Fig. 13B 
can be used as the round slot plate 208. Here, the total of 
a length of the long side of each slot 208al and a 
length L^of the long side of each slot 208a2 in Fig. 13B is 
represented by = + L^. A coaxial antenna 203 pro- 
vided in the waveguide 202 is provided above the cham- 
ber 204. 

[0353] it is preferable that the thickness t of the round slot 

K 208 



plate 208 is at least 1 mm in terms of the stiffness and 
the heat dissipation characteristics. When the thickness of 
the round slot plate 208 is 1 mm or more, its stiffness 
and its ability to dissipate heat generated when generat- 
ing plasma can be improved and the microwaves intro- 
duced from the slot 208a will be reduced, so that prob- 
lems such as electric sparks or anomalous discharge can 
be reduced. Thus, the uniformity of the microwaves tends 
to be maintained. A thickness t of 3 mm or more is 

208 

more preferable because the above-described problems 
can be further reduced. 
[0354] Furthermore, the slot length of the longer side of each 
of the slots 208a is set so as to preferably satisfy L a > 
(3/8)X , and more preferably L (1/2) . Here, X is 

207' K a> X207 ' 207 

the wavelength of the microwaves in the resonator 207. By 
setting the slot length L as above, even if the thickness t 

a a a 20 

of the slot plate is large, the dampening of the mi- 
crowaves due to the slots 208a can be easily prevented, 
and the degree of coupling between the microwaves in the 
resonator 207 that have passed through the round slot 
plate 208 and the microwaves in the round sealing dielec- 
tric 209 can be satisfactory. More preferably, it is set to L 
=(1/2)X . This makes it possible that the slot length L 



is substantially the resonance length of the wavelength A 
, so that even if the round slot plate 208 has a thick- 

207' ^ 

ness t of 1 mm or more, or the length W of the shorter 

208 a 1 

sides of the slots 208a are small, the transmission of the 
microwaves to the round sealing dielectric 209 is suffi- 
cient, and the damping of the microwaves due to the 
round slot plate 208 can be prevented. Moreover, a high 
degree of coupling between the microwaves introduced to 
the round sealing dielectric 209 via the round slot plate 
208 from the resonator 207 and the microwaves in the 
round sealing dielectric 209 can be obtained. Thus, an 
even higher degree of coupling can be obtained while re- 
ducing occurrence of non-uniform microwaves due to de- 
formation of the slot plate or anomalous discharge, 
dampening of the microwaves or the like. Therefore, a 
uniform plasma can be generated efficiently and a uni- 
form thin film can be generated efficiently on a large di- 
ameter wafer. (Hereinafter, the microwaves whose electric 
field strength distribution is substantially uniform are re- 
ferred to as uniform microwaves. In addition, uniform in 
the following description means substantially uniform in 
the direction along the surface of the sample 12 to be 
processed.) 



[0355] Furthermore, as shown in Figs. 13A and 13B, it is more 
preferable that a distance L between the centers of slots 

b 

that are adjacent to each other in the radial direction is 
substantially L = A , because the phases of the mi- 

b 7 

crowave introduced to the round sealing dielectric 209 
from each slot 208a are matched to each other. Further- 
more, it is preferable that the dielectric constant in the 
slots 208a is about the same as the dielectric constant in 
the round sealing dielectric 209, because the reflection of 
the microwaves when the microwaves pass through the 
slots 208a can be reduced. 
[0356] The relationship between the thickness t of the round 

208 

slot plate 208 and the heat deformation distortion should 
be determined depending on the characteristics of the 
plasma oxidizing and nitriding apparatus, because it is an 
inverse relationship to the relationship between the thick- 
ness t and the transmission. 

208 

[0357] Furthermore, when a cylindrical antenna dielectric 

(hereinafter, referred to as round antenna dielectric) 215 
(not shown) is provided above the round slot plate 208, 
the round antenna dielectric 215, the round slot plate 208 
and the round sealing dielectric 209 make the electric 
field strength distribution of the microwaves in the round 



sealing dielectric 209 even more uniform. In addition, in 
place of the coaxial antenna 203, a slot antenna, a rectan- 
gular waveguide or other antennas can be provided. For 
the above dielectrics, substances that cause little dielec- 
tric loss such as quartz, fluorocarbon resin, polyethylene, 
and polystyrene are preferable. The dielectric includes 
those in which the dielectric constant is 1, such as vac- 
uum, air and gas, and also includes those in which at least 
a part of the surface of the dielectric is covered with a 
conductor. The slot plate can be formed of a plate of 
metal such as Cu or Al. 
[0358] | n this plasma oxidizing and nitriding apparatus, the film 
formation process is performed, for example, in the fol- 
lowing manner. 

[0359] First, the round processing chamber 204b is evacuated 
through the gas outlet port 206 to a predetermined de- 
gree of vacuum, and a gas is introduced to the round pro- 
cessing chamber 204b through the gas inlet port 205 and 
the gas introduction portion 210. Next, the microwaves 
generated by the microwave generator 201 are introduced 
to the round sealing dielectric 209 via the round slot plate 
208 and the electric field strength distribution is made 
uniform. The microwaves are introduced to the round 



processing chamber 204b. A plasma generated by the in- 
troduced microwaves excites and activates gas molecules, 
and generates a chemical species so that a thin film is 
formed on the surface of the sample 12. 
[0360] Next, the relationships between the thickness t of the 

K 208 

round slot plate 208 and the slot length of the slots 
208a and the transmission and the distortion due to heat 
deformation are shown. Fig. 14 is a graph showing the re- 
lationship between the thickness t of the round slot 

K 208 

plate 208 and the distortion due to heat deformation. Fig. 
15 is a graph showing the relationship between the thick- 
ness t 2og of the round slot plate 208 having a slot length l_ a 
= (1/4)X , (3/8)X ,or(l/2)X and the transmission. 

207' 207' 207 

[0361] pigs 14 and 15 show the experimental results of a situa- 
tion in which the wavelength X inside the resonator 207 

3 207 

has a sufficient magnitude to be a free space wavelength, 
and the resonator 207 is filled with quartz. 
[0362] pig. 14 shows that when the thickness t of the round 

3 208 

slot plate 208 is 1 mm or more, the heat deformation dis- 
tortion of the round slot plate 208 is about 40 urn or 
more. Therefore, when the thickness t thereof is 1 mm 

208 

or more, the stiffness thereof can be improved, and good 
heat dissipation characteristics can be obtained, so that 



the heat deformation distortion can be as small as 1/10 or 
less of the thickness t 2Qg of the round slot plate 208, and 
thus the effect of heat deformation on the microwaves can 
be reduced. Furthermore, for the thickness t in the 

208 

range of 1 < t 2Qg < 3 (mm), Fig. 14 indicates that the heat 
deformation distortion is about 20 urn, and the variation 
in the antenna characteristics due to deformation can be 
reduced further. In addition, the dissipation of heat gen- 
erated during plasma generation can be improved, and 
the problems such as electric sparks or anomalous dis- 
charge can be further reduced. 
[0363] pig. 15 shows that the transmission in all the slot lengths 
L at a thickness t of 1 mm is about 80% or more, and 

a 208 

there is no problem in the stiffness and the transmission. 
In particular, it is preferable that L (3/8) , because 

a > X207 

the transmission is about 90% or more and thus the trans- 
mission of the microwaves can be improved. Furthermore, 
when the thickness t is in the range of l<t <3 (mm) 

208 3 208 

and L (3/8) , the transmission is about 70% or more, 

a > X207 

and thus the transmission of the microwaves can be suffi- 
ciently improved compared to when < (1/ 4 ) X207 - ln a d- 
dition, when the thickness t is 3 mm or more, the heat 

208 

deformation distortion is as small as about 20 urn or less. 



Furthermore, when L > (3/8) , a reduction in the 

a X207 

transmission can be prevented. For example, when the 
thickness t is 5 mm, the heat deformation distortion is 

208 

about 5 urn, and the transmission is about 55% or more. 

[0364] Fourth Embodiment 

[0365] pig. 16 is a view showing the external appearance of a 
plasma oxidizing and nitriding apparatus according to a 
fourth embodiment of the present invention. Fig. 17 is a 
cross-sectional view of a portion of the apparatus of Fig. 
16 that is perpendicular to the surface of a sample to be 
processed and taken along line D-D' of Fig. 16. Fig. 18A is 
a partial perspective view of the internal structure of the 
gas introduction portion of the plasma oxidizing and ni- 
triding apparatus shown in Fig. 16. Fig. 18B is a cross- 
sectional view of the gas introduction portion taken along 
line X-X' of Fig. 18A. 

[0366] As shown in Figs. 16 and 17, the plasma oxidizing and ni- 
triding apparatus of the fourth embodiment has a mi- 
crowave generator 301, a waveguide 302, a coaxial an- 
tenna 303 and a chamber 304. The chamber 304 is pro- 
vided with a gas inlet port 305 from which a gas such as a 
film-forming gas is introduced, and a gas outlet port 306. 
A dielectric 307, a processing chamber 308 and a gas in- 



troduction portion 310 are provided inside the chamber 
304. It is preferable that the dielectric 307 is formed of 
substances that causes little dielectric loss such as quartz, 
fluorocarbon resin, polyethylene, and polystyrene. The di- 
electric includes those in which the dielectric constant is 
1, such as vacuum, air and gas, and also includes those in 
which at least a part of the surface of the dielectric is cov- 
ered with a conductor. 
[0367] The processing chamber 308 is provided with a sample 
platform 11 on which a sample 12 is mounted in a posi- 
tion opposing the dielectric 307. The gas introduction 
portion 310 through which a gas such as film-forming 
gas is supplied from the gas inlet port 305 to the pro- 
cessing chamber 308 is provided in the side face of the 
processing chamber 308. The gas introduction portion 
310 has a gas introduction nozzle 310a having an open- 
ing to the processing chamber 308 and a gas introduction 
channel 310b connecting the gas inlet port 305 and a 
plurality of gas introduction nozzles 310a. In place of the 
rectangular waveguide 302, a slot antenna, a rectangular 
waveguide, a coaxial antenna or other antennas can be 
provided. 

[0368] a microwave blocking structure for preventing the mi- 



crowaves from entering the gas introduction portion 310 
and a gas introduction structure for introducing a gas 
substantially uniformly to the processing chamber 308 
will be described in greater detail below. Hereinafter, uni- 
form in the following description means substantially uni- 
form. First, the microwave blocking structure will be de- 
scribed. 

[0369] a gas is supplied from the gas introduction channel 310b 
to the processing chamber 308 through the gas introduc- 
tion nozzle 310a, as shown by an arrow in Fig. 18. The 
gas introduction portion 310 is configured so as to satisfy 
the following conditions. The gas introduction nozzle 
310a is formed such that the transmission T of the mi- 
crowaves introduced from the processing chamber 308 to 
the gas introduction nozzle 310a substantially satisfies 
Equation 36 below. 

[° 37 °] Equation 36 



[0371] 




[0372] where Lg represents the length of the gas introduction 



nozzle 310a in the direction that the gas travels, rep- 
resents the longer diameter of the gas introduction nozzle 
310a in the direction perpendicular to the direction in 
which the gas travels, and ^ 3Qg represents the wavelength 
of the microwaves in the processing chamber 308. 

[0373] when the gas introduction nozzle 310a is designed as 
above, the microwaves are prevented from entering the 
gas introduction portion 310. Therefore, problems such 
as the occurrence of anomalous discharge or abnormal 
growth of films in the gas introduction portion 310 can be 
reduced, and uniform gas supply can be achieved. It is 
preferable to design the gas introduction nozzle 310a 
such that the transmission T is 1% or less in consideration 
of the loss of the microwaves. When the transmission is 
1% or less, the microwaves can be blocked efficiently and 
problems such as anomalous discharge or abnormal 
growth of films can be reduced further. 

[0374] Next, the gas introduction structure will be described. It is 
preferable that the easy with which a gas flows through 
the gas introduction channel 310b and the gas introduc- 
tion nozzle 310a, that is, the so-called conductance ratio, 
is set to be at least X. Here, X is the number of the gas in- 
troduction nozzles 310a connected to the gas introduc- 



tion channel 310b. In other words, the ratio of the con- 
ductance C 2 of the gas introduction channel 310b to the 
conductance C i of the gas introduction nozzle 310a satis- 
fies Equation 37 below. 
[0375] Equation 37 



[0376] 




[0377] Here, the conductance C i of the gas introduction nozzle 
3 10a and the conductance of the gas introduction 
channel 310b can be expressed by Equations 38 and 39, 
respectively. 

[0378] Equation 38 
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[0381] where represents the longer diameter of the gas intro- 
duction nozzle 310a in the direction perpendicular to the 
direction that the gas travels; 

[0382] represents the shorter diameter of the gas introduction 
nozzle 310a in the direction perpendicular to the direction 
that the gas travels; 

[0383] |_g^ represents the length of the gas introduction nozzle 
310a in the direction that the gas travels; 

[0384] represents the average pressure in the gas introduction 
nozzle 310a; 

[0385] K i represents the form factor of the gas introduction noz- 
zle 310a; 

[0386] represents the longer diameter of the gas introduction 
channel 310b in the direction perpendicular to the direc- 
tion that the gas travels; 

[0387] represents the shorter diameter of the gas introduction 
channel 310b in the direction perpendicular to the direc- 
tion that the gas travels; 

[0388] |_g^ represents the length of the gas introduction channel 
310b in the direction that the gas travels; 

[0389] represents the average pressure in the gas introduction 
channel 310b; and 

[0390] k represents the form factor of the gas introduction 



channel 310b. 

[0391] Thus, when the ratio in the conductance of the gas intro- 
duction channel 310b and the gas introduction nozzles 
3 10a is at least X, which is the number of the gas intro- 
duction nozzles 310a connected to the gas introduction 
channel 310b, a gas can be supplied from the gas intro- 
duction nozzle 310a to the processing chamber 308 uni- 
formly. A uniform gas supply can form a more uniform 
plasma, and thus a uniform thin film can be formed. It 
should be noted that K i and are a value from 0 to 1, 
depending on the shape of the gas introduction channel 
310b. 

[0392] The larger the conductance ratio of the gas introduction 

nozzle 310a and the gas introduction channel 310b is, the 
more uniformly the gas can be supplied. However, it is 
preferable to set the ratio in view of the operating pres- 
sure, the gas flow rate, and the physical resistance of the 
gas introduction portion 310. 

[0393] The equations showing this relationship are not limited to 
Equations 38 and 39, and appropriate equations can be 
used depending on differences in the shape of the flow 
channel. 

[0394] | n this plasma oxidizing and nitriding apparatus, the film 



formation process is performed, for example, in the fol- 
lowing manner. 

[0395] First, the processing chamber 308 is evacuated through 
the gas outlet port 306 to a predetermined degree of vac- 
uum, and a gas is introduced to the processing chamber 
308 through the gas inlet port 305, the gas introduction 
channel 310b and the gas introduction nozzle 310a. Next, 
the microwaves generated by the microwave generator 
301 are introduced to the dielectric 307 via the waveguide 
302. The dielectric 307 makes the introduced microwaves 
uniform and the microwaves are introduced to the pro- 
cessing chamber 308. A plasma generated by the intro- 
duced microwaves excites and activates gas molecules, 
and generates a chemical species so that a thin film is 
formed on the surface of the sample 12. 

[0396] Fifth Embodiment 

[0397] The plasma oxidizing and nitriding apparatus according 
to a fifth embodiment of the present invention will be de- 
scribed more specifically with reference to Figs. 19 to 24. 
Fig. 19 shows the external appearance of the plasma oxi- 
dizing and nitriding apparatus of the fifth embodiment. 
Fig. 20 is a cross-sectional view of the apparatus of Fig. 
19 taken along line E-E' of Fig. 19 and perpendicular to 



the X axis in Fig. 19. Fig. 21 is an exploded perspective 
view of portions of the plasma oxidizing and nitriding ap- 
paratus shown in Fig. 19. Fig. 22 shows the slot shape of 
an H-plane slot antenna. Figs. 23A and 23B show the slot 
shape of a rectangular slot plate. Figs. 24A and 24B are 
diagrams showing the relationship between the slot 
shapes shown in Figs. 23A and 23B and the wavelength of 
the microwaves at a given time while the microwaves 
propagate in a rectangular antenna dielectric. 
[0398] The plasma oxidizing and nitriding apparatus of this em- 
bodiment includes a rectangular waveguide 420, an H- 
plane slot antenna 430 and a chamber 425 whose cross- 
section along the surface of a sample 412 to be processed 
is rectangular (hereinafter referred to as rectangular 
chamber 425). The rectangular chamber 425 is provided 
with a processing chamber 425b whose cross-section 
along the surface of the sample 412 to be processed is 
rectangular (hereinafter referred to as rectangular pro- 
cessing chamber 425b), and a chamber lid 425a whose 
cross-section along the surface of the sample 412 to be 
processed is rectangular (hereinafter referred to as rect- 
angular chamber lid) and which covers the rectangular 
processing chamber 425b. A gas introduction portion 410 



is provided in the rectangular chamber 425. 

[0399] As shown in Fig. 21, the rectangular chamber lid 425a in- 
cludes a rectangular antenna dielectric 434, a slot plate 
436 whose cross-section along the surface of the sample 
412 to be processed is rectangular (hereinafter referred to 
as rectangular slot plate 436) and that is provided with 
slots 436a, and a dielectric 438 whose cross-section 
along the surface of the sample 412 to be processed is 
rectangular (hereinafter referred to as rectangular sealing 
dielectric 438), in this order. The H-plane slot antenna 
430 is mounted on the rectangular antenna dielectric 434, 
and this H-plane slot antenna 430 introduces microwaves 
from the rectangular waveguide 420 to the rectangular 
antenna dielectric 434. 

[0400] The H-plane slot antenna 430 has an upper portion 430a, 
side portions 430b and a bottom portion 430c. In the 
bottom portion 430c, that is, the H-plane of the H-plane 
slot antenna 430, rectangular slots 430d are formed along 
the sides of the H-plane slot antenna 430, as shown in 
Fig. 22. The rectangular waveguide 420 is mounted on the 
H-plane slot antenna 430. Other aspects of this structure 
are the same as those of the first embodiment. 

[0401] Each portion of the plasma oxidizing and nitriding appa- 



ratus of this example will be described in greater detail 
below. 

[0402] The rectangular antenna dielectric 434 has a cross-sec- 
tion along the surface of the sample 412 to be processed 
that is rectangular and makes the electric field strength 
distribution of the microwaves uniform. Furthermore, for 
the rectangular antenna dielectric 434, the rectangular 
slot plate 436 provided between the rectangular antenna 
dielectric 434 and the rectangular processing chamber 
425b prevents the microwaves in the rectangular antenna 
dielectric 434 from being coupled to the microwaves re- 
flected by plasma in the rectangular processing chamber 
425b. Therefore, the microwaves propagating in the rect- 
angular antenna dielectric 434 will rarely be susceptible to 
the effects of the plasma so that the electric field strength 
distribution of the microwaves easily can be made uni- 
form. 

[0403] The rectangular sealing dielectric 438 is formed such that 
the cross-section thereof along the surface of the sample 
412 to be processed is rectangular, and forms an electric 
field for generating a plasma in the rectangular process- 
ing chamber 425b below the rectangular sealing dielectric 
438 while retaining or further enhancing the uniformity of 



the electric field strength distribution of the microwaves 
introduced from the rectangular slot plate 436. Further- 
more, the rectangular sealing dielectric 438 isolates the 
rectangular processing chamber 425b (which is a vacuum) 
and keeps it clean. 
[0404] | n t he rectangular processing chamber 425b, an electric 
field is formed by the microwaves in the rectangular seal- 
ing dielectric 438. Since uniform microwaves are intro- 
duced from the rectangular sealing dielectric 438, a uni- 
form plasma is generated in the rectangular processing 
chamber 425b. This plasma excites and activates gas 
molecules so that a uniform thin film is formed on the 
sample 412. In general, the rectangular processing cham- 
ber 425b is not a region in which microwaves propagate 
because the microwaves are reflected or absorbed by the 
plasma generated therein. Therefore, it is not necessary 
that the cross-section of the rectangular processing 
chamber 425b along the surface of the sample 412 to be 
processed be rectangular. However, since the microwaves 
are not completely absorbed and propagate in the rectan- 
gular processing chamber 425b, it is preferable that the 
cross-section of the rectangular processing chamber 
425b along the surface of the sample 412 to be processed 



be rectangular so that the uniformity of the plasma is not 
disturbed by non-uniform microwaves. By doing this, the 
uniformity of the plasma can be enhanced further and a 
more uniform thin film can be formed. 

[0405] The rectangular slot plate 436 is formed such that the 

section thereof that extends along the surface of the sam- 
ple 412 to be processed is rectangular, and retains or fur- 
ther enhances the uniformity of the electric field strength 
distribution of the microwaves introduced from the rect- 
angular antenna dielectric 434 by means of the slots 
436a. Furthermore, the rectangular slot plate 436 pre- 
vents the plasma generated in the rectangular processing 
chamber 425b from affecting the rectangular antenna di- 
electric 434. Furthermore, it is not necessary that the sec- 
tion of the rectangular slot plate 436 that extends along 
the surface of the sample 412 to be processed be rectan- 
gular; any shape can be used so long as it covers the rect- 
angular antenna dielectric 434, the rectangular sealing di- 
electric 438 and the rectangular processing chamber 
425b. For example, its section can be circular. 

[0406] For the shape and the arrangement of the slots 436a pro- 
vided in the rectangular slot plate 436, the patterns 
shown in Figs. 23A and 23B can be used, for example, 



when the wavelength of the microwaves propagating in 
the rectangular antenna dielectric 434 is assumed to be 
. Figs. 23A and 23B show the slot shape of the rectan- 

X434 a K 

gular slot plate. Figs 24A and 24B are diagrams showing 
the relationship between the slot shapes shown in Figs. 
23A and 23B and the wavelength of the microwaves at a 
given time while the microwaves propagate in a rectangu- 
lar antenna dielectric in the X and Y directions. 
[0407] | n pig. 23A, a plurality of rectangular slots 436a having 
substantially the same size are provided in substantially 

the same direction. The distance Ls between the centers 

l 

of adjacent slots 436a is set so as to substantially satisfy 
Equation 40 below. 
[0408] Equation 40 

[0409] Ls = n X 

1 Lsl 434 

[0410] where X is the wavelength of the microwaves in the 

434 * 

rectangular antenna dielectric 434 and n is an integer 
of 1 or more. The angle of inclination of the slots 436a 
can be changed depending on the microwave distribution 
in the rectangular sealing dielectric 438. In other words, 
the angle of inclination of the slots 436a is changed in 
consideration of the ratio of the propagation component 



in the X direction and the propagation component in the Y 
direction of the microwaves in the rectangular sealing di- 
electric 438, depending on the processing method of the 
sample 412 or the processing conditions of the apparatus. 
[0411] when the microwaves having a wavelength propagat- 
ing in the rectangular antenna dielectric 434 shown in Fig. 
24A are introduced to the slot plate 436, the microwaves 
in a hatched portion in Fig. 24A are introduced from each 
slot 436a to the rectangular sealing dielectric 438. There- 
fore, the phases of the microwaves in the rectangular 
sealing dielectric 438 are matched to each other in the 
central positions of the slots 436a, so that the degree of 
coupling between the microwaves introduced to the rect- 
angular sealing dielectric 438 and the microwaves propa- 
gating in the rectangular sealing dielectric 438 can be in- 
creased. 

[0412] on the other hand, in Fig. 23B, a plurality of rectangular 
slots 436a having substantially the same size are pro- 
vided, and are linearly symmetrical with respect to either 
one of the axes that are orthogonal to each other that ex- 
tend along the slot plate. The distance Ls 2 between the 
centers of the adjacent slots 436a is set so as to substan- 
tially satisfy Equation 41. 



[° 413 ] Equation 41 
[0414] Ls = n ( x 12) 

2 Ls2 434 7 

[0415] where X is the wavelength of the rectangular antenna 

434 

dielectric 434 and n is an integer of 1 or more. The an- 

Ls2 a 

gle of inclination of the slots 436a is such as described 
above. 

[0416] when microwaves having a wavelength X propagating 

434 

in the rectangular antenna dielectric 434 shown in Fig. 
24B are introduced to the slot plate 436, the microwaves 
in a hatched portion in Fig. 24B are introduced from each 
slot 436a to the rectangular sealing dielectric 438. There- 
fore, like noted above, the mounting density of the slots 
can be increased while loss due to interference of the mi- 
crowaves is suppressed, so that more excitation of a uni- 
form plasma can be achieved. 

[0417] Furthermore, it is preferable that the dielectric constant in 
the slots 436a is about the same as that of the rectangular 
antenna dielectric 434, because the reflection of the mi- 
crowaves when they pass through the slots 436a can be 
reduced, and the design can be simplified. 

[0418] As shown in Fig. 22, the H-plane slot antenna 430 has 
rectangular slots 430d in a predetermined interval in the 



bottom portion 430c along the sides of the H-plane slot 
antenna 430. Therefore, this is useful for increasing the 
uniformity of the electric field strength distribution of the 
microwaves, together with the rectangular antenna dielec- 
tric 434, the rectangular slot plate 436, and the rectangu- 
lar sealing dielectric 438, which make the microwaves 
uniform. In this example, the H-plane slot antenna is used 
as the antenna, but an E-plane slot antenna, a round 
waveguide, a coaxial waveguide, coupling devices other 
than slots and the like can be used. When a slot antenna 
whose section is rectangular is used, in particular, a large 
amount of power is not concentrated on one point and 
changes in the characteristics such as heat generation or 
anomalous discharges rarely occur. Furthermore, since the 
slot antenna is rectangular, it can be easily fixed to the 
rectangular antenna dielectric 434, so that the character- 
istics will rarely change, and thus a uniform plasma can be 
generated. 

[0419] it is sufficient to provide the H-plane slot antenna 430 in 
at least one portion, but a plurality of H-plane slot anten- 
nas can be provided to be used in a large apparatus that 
processes a sample having a large diameter, or the H- 
plane slot antenna can be branched to introduce the mi- 



crowaves to the dielectric. In this case, it is preferable to 
provide an even number thereof for easy design. Further- 
more, it is more preferable that the number thereof pro- 
vided is 2 n (where n is a natural number). 

[0420] it is preferable to form the section of the rectangular 

chamber 425 that extends along the surface of the sample 
412 to be processed into a rectangular shape in accor- 
dance with the rectangular antenna dielectric 434, the 
rectangular sealing dielectric 438 and the like, because 
there will be little electrical or structural nonconformity. 
However, when a plasma is generated, the microwaves are 
reflected or absorbed by the plasma in the rectangular 
chamber 425, and therefore it is not necessary that the 
rectangular chamber 425 be rectangular because it is no 
longer a microwave propagation region. 

[0421] | n the plasma oxidizing and nitriding apparatus of this 
example, the regions in which the microwaves propagate 
in a planar direction along the surface of the sample 412 
to be processed have a rectangular shape, i.e., the rectan- 
gular antenna dielectric 434 and the rectangular sealing 
dielectric 438, and thus the electric field strength distri- 
bution of the microwaves becomes uniform as a whole, 
and a plasma is generated uniformly. Thus, a uniform thin 



film can be formed by this plasma, and the process mar- 
gins of the flow rate or the composition ratio of the gas 
can be increased. 

[0422] Furthermore, microwaves whose electric field strength 
distribution is made uniform by the rectangular antenna 
dielectric 434 are introduced to the rectangular sealing 
dielectric 438 uniformly via the rectangular slot plate 436, 
and the uniformity is further enhanced by the rectangular 
sealing dielectric 438. Thus, the uniformity of the mi- 
crowaves can be easily maintained. 

[0423] | n the rectangular antenna dielectric 434 and the rectan- 
gular sealing dielectric 438, the uniform microwaves can 
be dampened by a plasma, and therefore it is not neces- 
sary that the standing wave condition is satisfied, and it is 
sufficient that the microwaves have an approximately uni- 
form electric field strength distribution. However, it is 
preferable that the standing wave condition is satisfied, 
because canceling due to multiple reflection can be re- 
duced, and a plasma can be generated more uniformly, so 
that a thin film can be formed on the surface of the sam- 
ple 412 more uniformly. For the same reason, it is prefer- 
able that the rectangular processing chamber 425b, the 
rectangular slot plate 436, the H-plane slot antenna 430, 



and the rectangular waveguide 420 satisfy the standing 
wave condition. 

[° 424 ] Sixth Embodiment 

[0425] The plasma oxidizing and nitriding apparatus according 

to a sixth embodiment of the present invention will be de- 
scribed more specifically with reference to Figs. 25 to 29. 
Fig. 25 showing the external appearance of the plasma 
oxidizing and nitriding apparatus of the first example. 
Fig. 26 is a cross-sectional view of the apparatus of Fig. 
25 taken along line E-E' of Fig. 25 and perpendicular to 
the X axis in Fig. 25. Fig. 27 is an exploded perspective 
view of portions of the plasma oxidizing and nitriding ap- 
paratus shown in Fig. 25. Fig. 28 shows the slot shape of 
an H-plane slot antenna. Fig. 25 to Fig. 28 corresponds to 
Fig. 19. to Fig. 22, respectively. 

[0426] pig. 29 shows the relationship between the relevant parts 
of the plasma oxidizing and nitriding apparatus of Fig. 26 
and the wavelengths in the Y direction of the microwaves 
in the microwave propagation region. Note that with the 
sections of a rectangular antenna dielectric 534, a rectan- 
gular sealing dielectric 538, and a rectangular processing 
chamber 525b that extend along the surface of a sample 
512 to be processed and shown in Fig. 25 and 26, the di- 



rections that are the same as those of two pairs of two 
opposing and parallel sides of these members are respec- 
tively assumed to be the X direction and the Y direction, 
and the direction perpendicular to the X and Y directions 
is assumed to be the Z direction. Furthermore, as shown 
in Fig. 28, the rectangular slots 530d of the H-plane slot 
antenna 530 are provided along the Y direction. 

[0427] Here, the sections of the H-plane slot antenna 530, the 

rectangular antenna dielectric 534, the rectangular sealing 
dielectric 538, and the rectangular processing chamber 
525b along the surface of the sample 512 to be processed 
are, for example, rectangular or square. 

[0428] jhe length l_ 534x in the X direction of the rectangular an- 
tenna dielectric 534 of this example and the length l_ 53gx 
in the X direction and/or the length L in the Y direc- 

3 538Y 

tion of the rectangular sealing dielectric 538 are set to a 
multiple of half (A/2) of the wavelength X of the mi- 
crowaves propagating in the respective microwave propa- 
gation regions. In other words, the length in each Y direc- 
tion is set so as to substantially satisfy Equations 42, 43 
and/or 44. 
[0429] Equation 42 

[0430] l = n x (X 12) 

534X 534X 534 



[° 431 ] Equation 43 

[0432] l = n x (X/2) 

538X 538X 

[° 433 ] Equation 44 

[0434] l = n x (X 12) 

538Y 538Y 538 

[0435] where X^ 4 is the wavelength of the microwaves in the 

rectangular antenna dielectric 534, X is the wavelength 

538 

of the microwaves in the rectangular sealing dielectric 
538, n ,n and n are integers of 1 or more. The 

534x' 538x 538Y 3 

wavelength and the wavelength X 53g in Equations 42 
to 44 are substantially the same wavelength in all direc- 
tions, such as the X and Y directions, when the lengths of 
the rectangular antenna dielectric 534 and the rectangular 
sealing dielectric 538 in the X and Y directions are suffi- 
ciently larger than the respective wavelength X and X 
53g , and expressed by Equations 45 and 46 below. 
[0436] Equation 45 



[0438] 
[0439] 



Equation 46 



[0440] where X represents the free space wavelength, e rep- 
resents the dielectric constant of the rectangular antenna 
dielectric 534, and represents the dielectric constant 
of the rectangular sealing dielectric 538. 

[0441] For the design of the dielectric, the lengths in the X and/ 
or Y directions are set by considering the components of 
the microwaves in the propagating direction in the rectan- 
gular antenna dielectric 534 and the rectangular sealing 
dielectric 538. Furthermore, it is preferable to set the 
length of the Z direction in the same manner. 

[0442] Each portion of the plasma oxidizing and nitriding appa- 
ratus of this embodiment will be described in greater de- 
tail below. 

[0443] when the rectangular antenna dielectric 534 has two pairs 
of two opposing sides that are parallel, for example, like a 
rectangle or a square, the electric field strength distribu- 
tion of the microwaves can be uniform. Furthermore, for 



the rectangular antenna dielectric 534, the rectangular 
slot plate 536 provided between the rectangular antenna 
dielectric 534 and the rectangular processing chamber 
525b prevents the microwaves in the rectangular antenna 
dielectric 534 from being coupled to the microwaves re- 
flected by the plasma in the rectangular processing cham- 
ber 525b. Therefore, the microwaves propagating in the 
rectangular antenna dielectric 534 will rarely be suscepti- 
ble to the effects of the plasma so that the electric field 
strength distribution of the microwaves easily can become 
uniform. Furthermore, if the length in the X direction and 
/or the Y direction of the rectangular antenna dielectric 
534 is set so as to satisfy the standing wave condition of 
the microwaves, the microwaves in the rectangular an- 
tenna dielectric 534 will be stabilized. Thus, the electric 
field strength distribution of the microwaves will become 
uniform. 

[0444] when the rectangular sealing dielectric 538 has two pairs 
of two opposing sides that are parallel, for example, like a 
rectangle or a square, an electric field for generating a 
plasma can be formed in the rectangular processing 
chamber 525b below the rectangular sealing dielectric 
538 while retaining or further enhancing the uniformity of 



the electric field strength distribution of the microwaves 
introduced from the rectangular slot plate 536. Further- 
more, the rectangular sealing dielectric 538 isolates the 
rectangular processing chamber 525b (which is a vacuum) 
from the air and keeps it clean. Furthermore, if the length 
of the rectangular sealing dielectric 538 in the X direction 
and /or the Y direction is set so as to satisfy the standing 
wave condition of the microwaves, the microwaves in the 
rectangular sealing dielectric 538 will be stabilized. Thus, 
the electric field strength distribution of the microwaves 
will become uniform. 
[0445] | n general, the rectangular processing chamber 525b is 
not a region in which microwaves propagate because the 
microwaves are reflected or absorbed by the plasma. 
Therefore, it is not necessary that the section of the rect- 
angular processing chamber 525b along the surface of the 
sample 512 to be processed be rectangular or square. 
However, there are microwaves that have not been re- 
flected or absorbed, and propagate in the rectangular 
processing chamber 525b. Therefore, in order to reduce 
the effect of multiple reflection of the microwaves propa- 
gating in the rectangular processing chamber 525b on the 
plasma, it is preferable to set the length in the Y direction 



of the rectangular processing chamber 525b as above. By 
doing this, the uniformity of the plasma can be enhanced 
further, so that a more uniform thin film can be formed, 
and the process margins needed to obtain a uniform 
plasma can be increased. 
[0446] Furthermore, like with the rectangular antenna dielectric 
534 and the rectangular sealing dielectric 538, it is 
preferable to set the length of the rectangular processing 
chamber 525b in the X direction and/or the Y direction so 
as to substantially satisfies a multiple of a half- 
wavelength of the wavelength of the microwaves in the 
rectangular processing chamber 525b. Since there are mi- 
crowaves in the rectangular processing chamber 525b, as 
described above, in order to reduce the effect of multiple 
reflection of the microwaves propagating in the rectangu- 
lar processing chamber 525b on the plasma, it is prefer- 
able to set the length of the rectangular processing cham- 
ber 525b in the Y direction as above. By doing this, the 
uniformity of the plasma can be enhanced further, so that 
a more uniform thin film can be formed, and the process 
margins needed to obtain a uniform plasma can be in- 
creased. 

[0447] The rectangular slot plate 536 retains or further enhances 



the uniformity of the electric field strength distribution of 
the microwaves introduced from the rectangular antenna 
dielectric 534 with the slots 536a. The angle of inclination 
of the slots 536a of the rectangular slot plate 536 can be 
changed depending on the microwave distribution in the 
rectangular sealing dielectric 538. In other words, the an- 
gle of inclination of the slots 536a is changed in consider- 
ation of the ratio of the propagation component in the X 
direction and the propagation component in the Y direc- 
tion of the microwaves in the rectangular sealing dielectric 
538, depending on the processing method of the sample 
512 or the processing conditions of the apparatus. 
[0448] By setting the lengths in the Y direction of the rectangular 
antenna dielectric 534 and the rectangular sealing dielec- 
tric 538 as described above, in the direction along the 
surface of the sample 512 to be processed in each dielec- 
tric, the standing wave condition of the microwaves is sat- 
isfied and the microwaves in the rectangular antenna di- 
electric 534 and the rectangular sealing dielectric 538 will 
be stabilized. Therefore, wave cancellation due to multiple 
reflection at the wall faces of the microwave propagation 
region can be reduced, and a uniform plasma can be gen- 
erated efficiently. Thus, a thin film can be formed uni- 



formly in a wafer having a large diameter. 
[0449] The wavelength X of the microwaves in each dielectric is 
changed with the dielectric constant in a chamber hav- 
ing a large diameter, so that it is preferable that the rect- 
angular antenna dielectric 534 and the rectangular sealing 
dielectric 538 are formed of the same material or materi- 
als having about the same dielectric constant. When the 
dielectric constant e is about the same, the wavelengths X 

r 3 534 

and X are about the same, so that the lengths in the X 

538 ' M 

direction and/or the Y direction of the rectangular an- 
tenna dielectric 534 and the rectangular sealing dielectric 
538 can be matched, and therefore a more realistic design 
can be achieved. 

[0450] | n addition to the fact that the lengths in the Y direction of 
the rectangular antenna dielectric 534 and rectangular 
sealing dielectric 538 satisfy the standing wave condition 
of the microwaves propagating in the respective di- 
electrics, it is preferable that the positions of the phases 
of the microwaves in the rectangular antenna dielectric 
534 and the rectangular sealing dielectric 538 are 
matched to each other as shown in Fig. 29. With this, the 
phases of the rectangular antenna dielectric 534 and the 
rectangular sealing dielectric 538 can be matched to each 



other, so that a plasma can be excited uniformly. For the 
same reason, it is more preferable that the positions of all 
the microwaves propagating in the rectangular antenna 
dielectric 534, the rectangular sealing dielectric 538 and 
the rectangular processing chamber 525b are at least par- 
tially matched to each other. 
[0451 ] Seventh Embodiment 

[0452] a plasma oxidizing and nitriding apparatus according to a 
seventh embodiment of the present invention will be de- 
scribed more specifically with reference to Figs. 30 to 35. 
Fig. 30 shows the external appearance of the plasma oxi- 
dizing and nitriding apparatus of the seventh embodi- 
ment. Fig. 31 is a cross-sectional view of the apparatus of 
Fig. 30 taken along line E-E' of Fig. 30 and perpendicular 
to the X axis in Fig. 30. Fig. 32 is an exploded perspective 
view of portions of the plasma oxidizing and nitriding ap- 
paratus shown in Fig. 30. Fig. 33 shows the slot shape of 
an H-plane slot antenna. Figs. 30 to 33 correspond to 
Figs. 19 to 22 respectively. 

[0453] pig. 34A shows the relationship between the position of 
the slots 630d in the bottom portion 630c of the H-plane 
slot antenna 630 and the wavelength of the microwaves in 
the H-plane slot antenna 630 of the plasma oxidizing and 



nitriding apparatus of Fig. 30. Fig. 34B shows the rela- 
tionship of the wavelength of the microwaves between the 
H-plane slot antenna 630 and the rectangular antenna di- 
electric 634 in the section perpendicular to the Y direction 
of the plasma oxidizing and nitriding apparatus of Fig. 30. 
Figs. 35A and 35B are diagrams showing the arrangement 
of the slots 630d in the two H-plane slot antennas. Note 
that with the sections of a rectangular antenna dielectric 
634, a rectangular sealing dielectric 638, and a rectangu- 
lar processing chamber 625b that extend along the sur- 
face of a sample 612 to be processed and shown in Fig. 
30 and 31, the directions that are the same as those of 
two pairs of two opposing and parallel sides of these 
members are respectively assumed to be the X direction 
and the Y direction, and the direction perpendicular to the 
X and Y directions is assumed to be the Z direction. Here, 
the sections of the H-plane slot antenna 630, the rectan- 
gular antenna dielectric 634, the rectangular sealing di- 
electric 638, and the rectangular processing chamber 
625b that extend along the surface to be processed of the 
sample 612 are, for example, rectangular or square. 
[0454] a s shown in Fig. 30, the H-plane slot antenna 630 whose 
section along the surface to be processed of the sample 



612 is rectangular or square is mounted on the rectangu- 
lar antenna dielectric 634 such that the two opposing 
sides of the rectangular antenna dielectric 634 are ori- 
ented to the same direction as the two opposing sides of 
the H-plane slot antenna 630. This H-plane slot antenna 
630 introduces microwaves from the rectangular waveg- 
uide 620 to the rectangular antenna dielectric 634. 

[0455] | n the plasma oxidizing and nitriding apparatus of this 

embodiment, the arrangement position of the slots 630d 
and the relationship of the wavelength of the microwaves 
between the H-plane slot antenna 630 and the rectangu- 
lar antenna dielectric 634 are set. First, the arrangement 
position of the slots 630d will be described. 

[0456] First, the rectangular slots 630d are alternately arranged 
on the axes A3 and A4 extending in the Y direction on the 
bottom portion 630c, as shown in Fig. 34A. Here, the dis- 
tance L between the axes A3 and A4 shown in Figs. 34A 

H5 

and 34B are set so as to substantially satisfy Equation 47 
below. 
[° 457 ] Equation 47 

[0458] L = n (X 12) 

H5 LH5 634 

[0459] where X is the wavelength of the microwaves in the 

634 3 



rectangular antenna dielectric 634 and n is an integer 
of 1 or more. By setting the distance L between the axes 

7 3 H5 

A3 and A4, as shown in Fig. 34B, the phase relationship of 
the microwaves in the rectangular antenna dielectric 634 
in the X direction of the bottom portion 630c can be 
matched in the positions of the slots 630d on the axes A3 
and A4. Therefore, interference such as the canceling of 
the microwaves introduced from the slots 630d on the 
two axes to the rectangular antenna dielectric 634 can be 
reduced, and a low loss and uniform microwave distribu- 
tion can be obtained. 
[0460] Furthermore, it is preferable to set the length L in the Y 

H3 

direction of the slots 630d and/or the distance L h4 be- 
tween the central positions in the Y direction of the slots 
630d alternately arranged on the axes A3 and A4 so as to 
substantially satisfy Equations 48 and/or 49 below. 
[0461] Equation 48 

[0462] L = n (X 12) 

H3 LH3 630 

[°463] Equation 49 
[0464] L = n (X 12) 

H4 LH4 630 

[0465] where X g3Q is the wavelength of the microwaves in the H- 
plane slot antenna 630, and n and n are integers of 

K LH3 LH4 a 



1 or more. By setting as above, I_ h3 becomes the reso- 
nance length of the microwaves in the H-plane slot an- 
tenna 630, and the degree of coupling between the mi- 
crowaves introduced from the H-plane slot antenna 630 
to the rectangular antenna dielectric 634 and the mi- 
crowaves in the rectangular antenna dielectric 634 can be 
increased. Furthermore, by setting I_ h4 as above, the 
phase and the degree of coupling of the microwaves in- 
troduced from the slots 630d alternately arranged on the 
two axes to the rectangular antenna dielectric 634 can be 
matched to each other. 

[0466] Furthermore, as shown in Fig. 34A, it is preferable that 
the central position of the slots 630d is matched to the 
position of the antinodes of the microwave propagating in 
the Y direction in the H-plane slot antenna, because the 
degree of coupling can be increased further. 

[0467] Furthermore, it is preferable to set the axes A3 and A4 so 
as to be linearly symmetrical with respect to the central 
axis in the Y direction of the H-plane slot antenna 630, 
and to arrange the slots 630d on these axes. By arranging 
the slots 630d in this manner, the degree of coupling be- 
tween the microwaves introduced from slots 630d and the 
microwaves in the rectangular antenna dielectric 634 be- 



comes substantially the same, which makes it easy to 
achieve uniform microwaves. 

[0468] | t j S preferable that the width W" 2 in the X direction of the 
H-plane slot antenna 630 is set so as to substantially sat- 
isfy Equation 50 below. 

[0469] Equation 50 




[0471] By setting the width W 2 and the L to be substantially the 
same, the degree of coupling between the microwaves in- 
troduced from slots 630d and the microwaves in the rect- 
angular antenna dielectric 634 can be increased. 

[0472] Secondly, the axes A3 and A4 are set such that the dis- 
tance HD between the end face along the Y direction of 
the rectangular antenna dielectric 634 and each of the 
axes A3 and A4 substantially satisfies Equation 51, and 
the slots 630d are arranged on these axes. 

[0473] Equation 51 

[0474] HD = n (1/4)X 

HD 634 

[0475] where A is the wavelength of the microwaves in the 

634 3 

rectangular antenna dielectric 634, and n is an integer 

HD 

of 1 or more. By setting HD as above, the degree of cou- 



pling between the microwaves introduced from slots 630d 
and the microwaves in the rectangular antenna dielectric 
634 can be increased and anomalous discharge can be 
suppressed. In other words, for example, a coupled por- 
tion of the rectangular antenna dielectric 634 and the H- 
plane slot antenna 630 has a relationship opposite to 
choke, so that an even higher degree of coupling therebe- 
tween can be obtained. In order to increase the degree of 
coupling, for example, an odd number is selected as the n 

, and in order to suppress anomalous discharge, an 
even number is selected as the n 

HD 

[0476] Next, the relationship between the wavelength A of the 

630 

microwaves in the H-plane slot antenna 630 and the 
wavelength A of the microwaves in the rectangular an- 
tenna dielectric 634 will be described. 

[0477] when the microwaves introduced from the axis A3 to the 
rectangular antenna dielectric 634 are in the same phase 
as those from the axis A4, setting is performed so as to 
satisfy Equation 52. When in the opposite phase, setting is 
performed so as to satisfy Equation 53. 

[0478] Equation 52 

[0479] x 12 = 2m(l/2) A 

630 634 



[0480] Equation 53 

[0481] x 12 = (2m+l)(l/2) A 

630' 634 

[0482] where m is an integer of 1 or more. The shape or the 

structure of the H-plane slot antenna 630 can be changed 
so as to satisfy the relationship of Equation 52 or 53. By 
setting as above, the phase position of the microwaves in 
the H-plane slot antenna 630 is matched to that in the 
rectangular antenna dielectric 634, and the standing wave 
condition can be satisfied at the same time. For this rea- 
son, the microwaves propagating in the respective propa- 
gation regions interfere with each other, so that distur- 
bance of the standing wave condition can be reduced. 
Therefore, the dampening of the microwaves can be sup- 
pressed, which facilitates generation of uniform mi- 
crowaves and the formation of a uniform thin film by a 
uniform plasma. 

[0483] | n the above, only the H-plane slot antenna 630 alone is 
used, but it is possible that the rectangular waveguide is 
branched and connected to a plurality of H-plane slot an- 
tennas 630 to introduce microwaves to the rectangular 
antenna dielectric 634. As a branching method, for exam- 
ple, in the case of branching it into two, H-branching in 



which the microwaves in two H-plane slot antennas 630 
have the same phases, or E-branching in which the 
phases are opposite can be used. 

[0484] pigs. 35A and 35B show the arrangement position of the 
slots 630d in the bottom portion 630c of the H-plane slot 
antenna 630 and the waveforms of the microwaves in the 
Y direction in the H-plane slot antenna 630, when the 
rectangular waveguide 620 is H-branched or E-branched, 
and then microwaves are introduced to the rectangular 
antenna dielectric 634 via two H-plane slot antennas 630. 
The slots 630d positioned in the axes A3 and A4 in the H- 
plane slot antenna 630 in Figs. 35A and 35B are arranged 
in the same manner as in Figs. 34A and 34B. 

[0485] pig. 35A is a plan view of two H-plane slot antennas 630 
that are identical and in which the slots 630d are arranged 
in the same positions. Fig. 35B is a plan view of two H- 
plane slot antennas 630 that are identical and in which the 
slots 630d are arranged in a linearly symmetrical manner 
with respect to the Y direction. Here, as shown in Fig. 
35A, when the arrangement positions of the slots 630d in 
the two H-plane slot antennas 630 are the same will be 
referred to as the same phase arrangement position, and 
as shown in Fig. 35B, when the structure is linearly sym- 



metrical and the arrangement positions are symmetrical 
with each other will be referred to as the opposite phase 
arrangement position. As shown in Fig. 35, the distance in 
the X direction between the adjacent slots 630d in the H- 
plane slot antenna 630 is assumed to be L . In Figs. 35A 

H6 

and 35B, the waveform on the left side shows the mi- 
crowaves on the left side in the H-plane slot antenna 630, 
and the waveform on the right side shows the microwaves 
on the right side in the H-plane slot antenna 630 after H- 
branching and E-branching. 
[0486] Furthermore, Table 1 below shows the relationship of the 
distance l_ Hg when H-branching or E-branching is com- 
bined with the arrangement position of the same phase or 
the arrangement position of the opposite phase. Here, the 

distance L is set such that the phases of the microwaves 
H6 K 

in the rectangular antenna dielectric 634 in the central 
positions of the slots 630d of the two H-plane slot anten- 
nas 630 are matched to each other. 
[0487] Tab | e i 
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[0488] By setting the distance L as above, the phases of the 

H6 

microwaves introduced from the slots 630d to the rectan- 
gular antenna dielectric 634 are matched to each other, so 
that interference such as wave cancellation can be re- 
duced. 

[0489] Furthermore, Table 1 below shows the relationship of the 
distance L when H-branching or E-branching is com- 

H6 

bined with the arrangement position of the same phase or 

the arrangement position of the opposite phase. Here, the 

distance L is set such that the phases of the microwaves 
H6 K 

in the rectangular antenna dielectric 634 in the central 
positions of the slots 630d of the two H-plane slot anten- 
nas 630 are matched to each other. 
[0490] Equation 54 

[0491] 



[0492] where X is the wavelength of the microwaves in the H- 

630 

plane slot antenna 630, and X is the free space wave- 
length. 

[0493] Furthermore, in place of the H-plane slot antenna 630, an 
E-plane slot antenna, a round waveguide, a coaxial an- 
tenna or other coupling devices than slots can be used. 

[0494] | n the plasma oxidizing and nitriding apparatus of this 

embodiment, by setting the arrangement positions of the 
slots 630d and the relationship of the wavelength of the 
microwaves between the H-plane slot antenna 630 and 
the rectangular antenna dielectric 634 as above, a thin 
film can be formed uniformly. Furthermore, in this em- 
bodiment, since the sections of the rectangular antenna 
dielectric 634, the rectangular processing chamber 625b, 
the rectangular waveguide 620 and the like that extend 
along the surface of the sample 612 to be processed are 
rectangular, the electric field strength distribution of the 
microwaves will rarely concentrate on one portion, and the 
process margins of the flow rate or the composition ratio 



of the gas or the like can be increased. 

[0495] However, in general, the rectangular processing chamber 
625b is not a region in which microwaves propagate, be- 
cause the microwaves are absorbed by a plasma gener- 
ated therein. Therefore, it is not necessary that the section 
of the rectangular processing chamber 625b that extends 
along the surface of the sample 612 to be processed be 
rectangular. However, since the microwaves are not com- 
pletely absorbed and propagate in the rectangular pro- 
cessing chamber 625b, it is preferable that the section of 
the rectangular processing chamber 625b along the sur- 
face of the sample 612 to be processed be rectangular so 
that the uniformity of the plasma is not disturbed by non- 
uniform microwaves. By doing this, the uniformity of the 
plasma can be enhanced further and a more uniform thin 
film can be formed. Moreover, the process margins re- 
quired to obtain a uniform plasma can be increased. 

[0496] Furthermore, the H-plane slot antenna 630, the rectangu- 
lar antenna dielectric 634, the rectangular processing 
chamber 625b, the rectangular chamber lid 625a and the 
like can be formed in a shape other than a rectangle or a 
square. It is preferable that they are formed in a rectangu- 
lar shape in which two pairs of two opposing sides are 



parallel, because there is less concentration of the mi- 
crowaves on one portion. 

[0497] Eighth Embodiment 

[0498] The plasma oxidizing and nitriding apparatus according 
to an eighth embodiment of the present invention will be 
described in greater detail with reference to Figs. 36 to 
40. Fig. 36 shows the external appearance of the plasma 
oxidizing and nitriding apparatus of the eighth embodi- 
ment. Fig. 37 is a cross-sectional view of the apparatus of 
Fig. 36 taken along line E-E' of Fig. 36 and perpendicular 
to the X axis in Fig. 36. Fig. 38 is an exploded perspective 
view of portions of the plasma oxidizing and nitriding ap- 
paratus shown in Fig. 36. Fig. 39 shows the slot shape of 
an H-plane slot antenna. Figs. 36 to 39 correspond to 
Figs. 19 to 22, respectively. 

[0499] pig. 40 is a perspective view of a rectangular slot plate 

736 having a plurality of slots 736a. The thickness t of 

736 

the rectangular slot plate 736 is preferably at least 1 mm 
in terms of its stiffness or the heat dissipation character- 
istics. When the thickness of the rectangular slot plate 
736 is at least 1 mm, the stiffness thereof and its ability 
to dissipate heat generated when plasma is produced is 
improved, and the microwaves introduced from the slot 



736a are reduced, so that problems such as electric 
sparks or anomalous discharge can be reduced. It is 
preferable that the thickness is 3 mm or more, be- 
cause the above-described problems can be reduced. 
[0500] Furthermore, the slot length Ls 7 in the longer side direc- 
tion of the rectangular slots 736a is set so as to preferably 
satisfy Ls >(3/8)X , and more preferably satisfy Ls > 

7 734 7 

(1/2)X 734 - By setting the slot length Ls 7 as above, even if 
the thickness t 73g of the slot plate is large, the dampening 
of the microwaves due to the slots 736a can be easily pre- 
vented and the degree of coupling between the mi- 
crowaves in the rectangular antenna dielectric 734 that 
have passed through the rectangular slot plate 736 and 
the microwaves in the rectangular sealing dielectric 738 
can be satisfactory. Even more preferably, the slot length 
Ls 7 is set to satisfy Ls 7 = (1/2)X 734 - By doing this, the slot 
length Ls 7 becomes substantially the resonance length of 
the wavelength A^, so that even with the rectangular slot 
plate 736 having a thickness t^ of 1 mm or more, or 
even if the length W 3 in the shorter side direction of the 
slots 736a is small, sufficient transmission of the mi- 
crowaves to the rectangular sealing dielectric 738 can be 
obtained, and the dampening of the microwaves due to 



the rectangular slot plate 736 can be prevented. 

[0501] Furthermore, a high degree of coupling between the mi- 
crowaves introduced from the rectangular antenna dielec- 
tric 734 to the rectangular sealing dielectric 738 via the 
rectangular slot plate 736 and the microwaves in the rect- 
angular sealing dielectric 738 can be obtained. Thus, a 
higher degree of coupling can be obtained while genera- 
tion of non-uniform microwaves due to deformation of 
the slot plate or anomalous discharge, dampening of mi- 
crowaves or the like is reduced. Therefore, a uniform 
plasma is formed efficiently, and a thin film can be formed 
uniformly in a wafer having a large diameter. 

[0502] it i S preferable that the distance Ls g in the longer side di- 
rection between the centers of adjacent slots 736a shown 
in Fig. 40 is substantially Ls g = X , because the phases 
of the microwaves introduced from each slot 736a to the 
rectangular sealing dielectric 738 are matched to each 
other. Furthermore, it is preferable that the dielectric con- 
stant in the slot 736a is about the same as that in the 
rectangular antenna dielectric 734, because reflection of 
the microwaves when passing through the slots 736a can 
be reduced. 

[0503] N 0 te that the relationships between the thickness t of 

K 736 



the rectangular slot plate 736 and the slot length Ls 7 of 
the slots 736a and the transmission and distortion due to 
heat deformation are same as the experiment results 
shown in Fig. 14 and Fig. 15. 
[0504] The relationship between the thickness t of the rectan- 

K 736 

gular slot plate 736 and the heat deformation distortion 
should be determined depending on the characteristics of 
the plasma oxidizing and nitriding apparatus, because it 
is an inverse relationship to the relationship between the 
thickness t and the transmission. 

736 

[0505] jvmffr Embodiment 

[0506] Next, a plasma oxidizing and nitriding apparatus accord- 
ing to a ninth embodiment of the present invention will be 
described with reference to Fig. 41 to 45. Fig. 41 shows 
the external appearance of the plasma oxidizing and ni- 
triding apparatus of the ninth embodiment. Fig. 42 is a 
cross-sectional view of the apparatus of Fig. 41 taken 
along line E-E' of Fig. 41 and perpendicular to the X axis 
in Fig. 41. Fig. 43 is an exploded perspective view of por- 
tions of the plasma oxidizing and nitriding apparatus 
shown in Fig. 41. Fig. 44 shows the slot shape of an H- 
plane slot antenna. Figs. 41 to 44 correspond to Figs. 19. 
to 22, respectively. Fig. 45 is a cross-sectional view of the 



plasma oxidizing and nitriding apparatus that includes a 
gas introduction portion 810. 
[0507] The structure of the gas introduction portion 810 will be 
described in greater detail. The gas introduction portion 
810 is connected to a gas inlet port 805 in order to supply 
gas such as film-forming gas or the like to the rectangular 
processing chamber 825b, and has a gas introduction 
channel 810b and 80 gas introduction nozzles 810a pro- 
vided in the gas introduction channel 810b. The partial 
perspective view of the gas introduction portion 810 is the 
same as shown in Fig. 18. Referring to Fig. 18, the shape 
of the gas introduction nozzles 810a is set such that = 
5 mm, 3 i = 1 mm, and Lg i = 10 mm. The shape of the 
gas introduction channel 810b is set such that a = 20 

2 

mm, P 2 = 20 mm, and = 500 mm. By setting these as 
above, the transmission T of the microwaves in the gas 
introduction nozzles 810a is 0.19%, which is the result 
from Equation 55 below that has been described above. 
[0508] Equation 55 



[0509] 



AnT 




[0510] 



[0511] where A g25 : the wavelength of microwaves in the rectan- 
gular processing chamber 825b. 

[0512] Furthermore, in a pressure region from 1 to 1000 Torr, 
the conductance ratio (C^ / is 110 or more. For this 
reason, in the plasma generating apparatus, the transmis- 
sion T is substantially smaller than 1%, and the mi- 
crowaves are substantially blocked from entering the gas 
introduction portion 810 so that anomalous discharge or 
abnormal growth of films can be reduced. In addition, the 
conductance ratio is sufficiently larger than 80, which is 
the number of gas introduction nozzle 810a, so that the 
gas can be supplied uniformly to the rectangular process- 
ing chamber 825b. Thus, a uniform thin film can be 
formed. 

[0513] Furthermore, in the plasma oxidizing and nitriding appa- 
ratus of this embodiment, the regions in which mi- 
crowaves propagate in the planar direction along the sur- 
face of a sample 812 to be processed, i.e., the rectangular 
antenna dielectric 834 and the rectangular sealing dielec- 
tric 838, have a rectangular shape, and thus the electric 
field strength distribution of the microwaves will become 
uniform, as a whole, along the surface of the sample to be 
processed. A plasma is generated uniformly by the uni- 



form microwaves, and a uniform thin film can be formed 
by gas molecules excited and activated by this plasma, 
and thus a uniform thin film can be formed. Furthermore, 
even if changes in process conditions such as the flow 
rate or the composition ratio of the gas or changes in the 
process conditions due to maintenance or the like occur, 
the electric field strength distribution will rarely concen- 
trate on one portion because the region in which the mi- 
crowaves propagate is rectangular. Therefore, the process 
margins can be increased. 

[0514] The microwaves whose electric field strength distribution 
is made uniform by the rectangular antenna dielectric 834 
are introduced to the rectangular sealing dielectric 838 
uniformly via the rectangular slot plate 836, and the uni- 
formity is enhanced further by the rectangular sealing di- 
electric 838, which makes it easy to maintain the unifor- 
mity of the microwaves. 

[0515] Other embodiments 

[0516] (A) The present invention can be applied to compounds 
other than silicon processes, FPD (flat panel display) pro- 
cesses or the like. Furthermore, the present invention can 
be applied to microwave irradiation devices, microwave 
heating devices, or the like that do not use plasma. 



[0517] (b) The above-described embodiments can be used in 
combination with each other as required. 

[0518] Any terms of degree used herein, such as substantially, 
about and approximately, mean a reasonable amount of 
deviation of the modified term such that the end result is 
not significantly changed. These terms should be con- 
strued as including a deviation of at least ± 5% of the 
modified term if this deviation would not negate the 
meaning of the word it modifies. 

[0519] This application claims priority to Japanese Patent Appli- 
cation Nos. 2003-022072, 2002-022073, 2002-022074, 
2002-022075, and 2002-022076. The entire disclosure 
of Japanese Patent Application Nos. 2003-022072, 
2002-022073, 2002-022074, 2002-022075, and 
2002-022076 are hereby incorporated herein by refer- 
ence. 

[0520] while only selected embodiments have been chosen to il- 
lustrate the present invention, it will be apparent to those 
skilled in the art from this disclosure that various changes 
and modifications can be made herein without departing 
from the scope of the invention as defined in the ap- 
pended claims. Furthermore, the foregoing description of 
the embodiments according to the present invention are 



provided for illustration only, and not for the purpose of 
limiting the invention as defined by the appended claims 
and their equivalents. 



